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ABSTRACT
The ruby la s e r  was employed to  enhance the phosphorescence  
2 *^ 2"f*
decay o f  the system  (RE RE ) in  CaF^* A sim ple model i s  proposed
whose mechanism i s  very s im ila r  to th a t  o f  therm olum inescence. The 
p rocess  in vo lved  was shown to be one in v o lv in g  a s in g le  photon.
S p e c tra l d is tr ib u t io n s  were ob ta in ed  u sin g  p o in t by p o in t p lo t t in g .
The gen era l fe a tu r e s  agree very w e ll  w ith  the flu o r e sc en ce  or thermo- 
lum inescence sp e c tr a . As the la se r  was operated  in  a Q -sw itched mode, 
th e  p u lse  duration  was much sh o rter  than the decay tim e so th a t in d iv id u a l  
decay curves cou ld  be photographed on an o s c i l lo s c o p e  and the decay 
co n sta n t measured.
3 +
The system  CaF^Dy was in v e s t ig a te d  by t h is  method.
4
Em ission from the le v e l  F ^ ^  on ly  was observed , the term in atin g  le v e ls  
o f  the tr a n s it io n s  are ^ ^ 3 /2  ant* ^ 1 5 /2 *  ^W0 ^ i f f eren t decay co n sta n ts
were ob ta in ed  from two components o f  the same t r a n s i t io n ,  in d ic a t in g  
c o -e x is te n c e  o f  lum inescence c e n tr e s  at s i t e s  o f  two d if f e r e n t  sym m etries.
3 + 2+
T his in  turn im p lies  th a t red u ction  o f  RE in to  RE by x -ra y s  i s
p o s s ib le  fo r  ion s at s i t e s  w ith  p o in t symm etries o th er  than c u b ic .
3"bFor the system  CaF^Ho em ission  corresponding to  tra n s­
i t i o n s  between four upper l e v e ls  and the ground s ta t e  was observed .
Four decay co n sta n ts  were measured.
By h ea tin g  the c r y s ta l  samples in  open a ir ,  s i t e s  o f  t e t r a ­
gonal and tr ig o n a l symmetry were in trod u ced . This was m an ifested  in
the change in  the sp e c tr a l d is tr ib u t io n s  o f  the enhanced phosphorescence
3 +
as w e ll as in  the decay t im e s . For CaF^Dy the decay tim es were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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3+
s h o r t e n e d  to  h a l f ,  w h i l e  the  r e d u c t i o n  was some twenty  f o l d s  f o r  CaF :Ho
3"t~
Thermoluminescence s p e c t r a  o f  CaF :Dy were t a k e n .  Emission 
i n  t h e  ' y e l l o w '  ( co r r e s p o n d in g  to ^ F t 0 ^ ^ 3 /2  t rans:i -t i o n ) was a l so 
o b s e rv e d .  This  has  not  been r e p o r t e d  i n  the  l i t e r a t u r e  b e f o r e .  The 
t o t a l  em is s io n  was we l l  d iv id e d  among th e  t h r e e  glow peaks .  The s p e c t r a  
from th e  i s o l a t e d  peaks were found to  be i d e n t i c a l ,  c o n t r a r y  to  the
3+c a se  o f  CaF^:Ho . A f t e r  h e a t  t r e a t m e n t ,  two more glow peaks appeared 
on the  h igh  t em p e ra tu re  end. Almost a l l  t h e  l i g h t  e m i t t e d  came from 
th e  l a s t  glow peak.  Other  than  t h i s  the  h e a t i n g  a f f e c t e d  the  s p e c t r a  
to  on ly  a l i m i t e d  degree .
3+E x c i t a t i o n  s p e c t r a  o f  CaF^iDy were a l s o  t a k e n .  But the
e m is s ion  was so weak t h a t  l i m i t e d  accuracy  was a ch ieved .  Only t e n t a t i v e
i d e n t i f i c a t i o n  o f  t h e  l e v e l s  was made be cause  o f  t h e  complex i ty  o f  the
s p e c t r a  and the  l ack  o f  adequate  t h e o r e t i c a l  c a l c u l a t i o n s .
R e ~ e x c i t a t i o n  expe r im en t s  were a l so  performed w i th  a view
to  e l u c i d a t i n g  the  n a t u r e  o f  the  c a r r i e r s  r e s p o n s i b l e  f o r  thermolumin-
3~bescence  in  CaF^. While i n  CaF^iGd i t  was p o s s i b l e  to  r e - e x c i t e  a l l
th e  glow peaks and the  e f f i c i e n c y  o f  r e - e x c i t a t i o n  peaked a t  3800 8.,
3+
no s i m i l a r  c o n c lu s i o n  cou ld  be drawn f o r  the  system CaF^Ce  .
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CHAPTER 0.  INTRODUCTION
The r a r e - e a r t h  s e r i e s  i s  formed by the  s u c c e s s iv e  f i l l i n g  o f
the  4f  s h e l l  i n  a d d i t i o n  to a xenon c o n f i g u r a t i o n  ( l s^ 2 s ^ 2 p ^ 3 s ^ 3 p ^ 3 d ^ 4 s ^
4 p ^ 4d^ 5s^5p^ )  t o g e t h e r  w i th  two (5d6s o r  6s^) o r  t h r e e  (5d6s^)  o u t e r
e l e c t r o n s .  The 4f  o r b i t a l s  are  drawn towards t h e  n u c le u s  as one p roceeds
from the  beg inn ing  o f  t h e  s e r i e s  w i th  cer iumj  t h e  w a v e - func t ion  o f  the
t h i r d  member, neodymium, has  a l r e a d y  had i t s  maximum i n s i d e  the  5s^5p^
s u b s h e l l s .  This  l a n t h a n id e  c o n t r a c t i o n  comes from the  i n e f f e c t i v e n e s s
o f  the  4f  e l e c t r o n s  i n  s c r e e n in g  the. n u c l e a r  charge  f o r  one a n o t h e r . ^
Most o f  t h e  r a r e - e a r t h  i ons  e x i s t  i n  the  t r i v a l e n t  s t a t e ,  a f t e r  the
removal from the  n e u t r a l  atoms o f  the  ou te rm os t  e l e c t r o n s ,  and a l so  a
4f  e l e c t r o n  i n  c e r t a i n  c a s e s .  When embedded i n  a c r y s t a l  l a t t i c e  they
p r e s e n t  a ve ry  good system f o r  s tudy ing  tfie f r e e  i o n s  them se lves  because
2 6of  the  s h i e l d i n g  f u r n i s h e d  by the  o u t e r  c l o s e d  (5s  5p ) s u b s h e l l s .  On 
the  o t h e r  hand,  a knowledge o f  the  f r e e  ion  p r o p e r t i e s  e n a b le s  one to 
e x p lo re  the  e f f e c t  o f  the  c r y s t a l  l a t t i c e  on th e  i o n .  In  most c a s e s ,  the  
c r y s t a l  f i e l d  has  a r e l a t i v e l y  small  e f f e c t  on the  4 f  e l e c t r o n s  compared 
w i th  the  s p i n - o r b i t  i n t e r a c t i o n  as c o n t r a s t  to  the  iron group in  which the  
c r y s t a l  f i e l d  dominates  ov e r  t h e  s p i n - o r b i t  i n t e r a c t i o n .  As th e  charge 
d i s t r i b u t i o n  o f  the  ion i s  a f f e c t e d  by the  c r y s t a l  f i e l d ,  the  energy l e v e l s  
are  m i ld ly  p e r t u r b e d  from the  f r e e  ion  v a l u e s .
"k
The term r a r e - e a r t h  used  th roughou t  t h i s  d i s s e r t a t i o n  r e f e r s  to  the  
l a n t h a n i d e s  o n ly ,  a l though  some au th o r s  i n c lu d e  the  a c t i n i d e s  as w e l l .
- 1 -
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2Whereas in tr a -c o n fig u r a t io n  e l e c t r i c  d ip o le  t r a n s i t io n s ,  in
( 2 )which th ere  i s  no change o f  p a r ity , are Laporte forbidden ' f o r  the fr e e  
io n s , many such t r a n s it io n s  are observed  when the io n s  are in corp orated  
in  a c r y s ta l  l a t t i c e .  This i s  made p o s s ib le  through m ixing o f  s t a t e s  w ith  
o p p o s ite  p a r ity  by the c r y s ta l  f i e l d  and by phonon in te r a c t io n .
The presence o f  the c r y s ta l  l a t t i c e  provides another channel 
fo r  energy d is s ip a t io n  when the ion  i s  in  an e x c ite d  s t a t e .  The f lu o r e sc en ce  
l i f e t im e s  w i l l  be in flu en ced  by the i o n - l a t t i c e  in tera c tio n ^  in  some c a ses  
the f lu o r e sc en ce  i s  even quenched through r a d ia t io n le s s  t r a n s i t io n s .
CaF2 i s  a con ven ien t c r y s ta l  m atrix to  in corp orate  the rare-  
earth  io n s  because o f  the cub ic  symmetry and a wide range o f  o p t ic a l  
transparency (from  12p, to . 13p,)^} S im ila r ity  in  io n ic  r a d ii  between 
Ca^ ( ~  1^) and the ra re-ea rth  io n s  ( ~  0 . 951) ^  en ab les the l a t t e r  to
en ter  th e  m atrix e a s i ly  by s u b s t itu t in g  fo r  a d iv a le n t  calcium  io n . For
3~F 2+e l e c t r i c a l  n e u tr a lity  a RE ion  rep la c in g  a Ca ion  req u ires  charge
com pensation. This can be ach ieved , fo r  exam ple, by an i n t e r s t i t i a l  F 
2 -or OH , or  an 0 occupying a l a t t i c e  f lu o r in e  s i t e .  Consequently a 
lo c a l  d is to r t io n  o f  the cub ic  symmetry i s  c r e a te d . I f  t h i s  d is to r t io n  
i s  near enough to be f e l t  by the ra re-ea rth  io n , the sp ec tra  as w e ll  as 
the l i f e t im e  o f  the l a t t e r  can g iv e  in form ation  o f  the nature o f  the  
d is to r t io n .
T ech n ica lly  the method o f  therm olum inescence i s  a very 'c le a n '  
method o f  ob ta in in g  em ission  sp ectra  s in c e  the sample i s  the s o le  e m itter  
o f  r a d ia t io n . However, due to i o n - l a t t i c e  in te r a c t io n , therm olum inescence  
does not g iv e  a l l  the in form ation  o b ta in a b le  from o th er  tech n iq u es , such 
as lum inescence e x c it a t io n .
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3There has. been much i n t e r e s t  i n  the  the rmoluminescence o f
r a r e - e a r t h  ions  i n  a l k a l i n e  e a r t h  f l u o r i d e s  e v e r  s in c e  i t  was found t h a t
most o f  the  t r i p l y  i o n i z e d  r a r e - e a r t h  i o n s  can be reduced  to the  d i v a l e n t
r 5s
s t a t e  by i o n i z i n g  r a d i a t i o n .  '  While t h e  s p e c t r a  o f  the  RE ions  c o n s i s t  
o f  sha rp  b u t  weak l i n e s ,  tho.se o f  the  d i v a l e n t  i ons  have s t r o n g  and broad
bands .  A r e d u c t i o n - o x i d a t i o n  mechanism was proposed  by Kiss  and S t a e b l e r ^ ^
3+ (7-10')i n  the  c a se  o f  Dy . T h e i r  work and those  o f  a number o f  o t h e r s
seemed to  have i n d i c a t e d  t h a t  r e d u c t i o n  by i o n i z i n g  r a d i a t i o n  was p o s s i b l e
on ly  f o r  those  r a r e - e a r t h  i o n s  occupying c ub ic  s i t e s  i n  the  c r y s t a l  l a t t i c e .
S c h l e s i n g e r  e t  a l .  are  among a no the r  school  who have shown t h a t ,  a t  l e a s t  
y t
i n  the  case  o f  Gd , r a r e - e a r t h  ions  i n  s i t e s  o f  o t h e r  symmetr ies  than
cub ic  can a lso  be r e d u c e d . T h i s  d i v e r s i t y  i n  o p in io n  can perhaps
be r e s o l v e d  c o n s id e r in g  th e  f a c t  t h a t  o p t i c a l  s p e c t r a  o b t a i n e d  by v a r i o u s
workers  depend on the  c o n d i t i o n s  under  which the  c r y s t a l s  were grown,
" (14)
i m p u r i t i e s ,  e t c . ,  as p o i n t e d  ou t  e a r l i e r  by Stepanov and F e o f i l o v .
In t h e i r  work,  Stepanov and F e o f i l o v  c l a s s i f i e d  as type  I
s p e c t r a  those  o r i g i n a t i n g  from c e n t r e s  i n v o lv in g  oxygen,  and type  I I  f o r
those  from c r y s t a l s  grown under  r e d u c t i v e  c o n d i t i o n s .  These two ty p es  o f
s p e c t r a  a re  s i m i l a r  i n  the  number and approximate p o s i t i o n s  o f  groups  o f
l i n e s ,  bu t  are  d i f f e r e n t  i n  s t r u c t u r e  w i t h i n  each g roup .
A g r e a t  amount o f  exp e r im e n ta l  work has  been done by the
Johns Hopkins group bo th  on the  r a r e - e a r t h  f r e e  i ons  and r a r e - e a r t h  s a l t s
(15)o r  r a r e - e a r t h  doped c r y s t a l s .  The work o f .D ie k e  e t  a l .  '  on f r e e  ions  
p ro v id e s  a ve ry  h e l p f u l  g u i d e l i n e  f o r  the  c r y s t a l  s p e c t r a  s in c e  the 
c e n t r e  o f  g r a v i t y  o f  f r e e  io n  energy  l e v e l s  a re  n o t  much m od i f ied  when
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4the  i o n s  a re  embedded i n  a c r y s t a l .  The Russian s c i e n t i s t s  have a lso
c o n t r i b u t e d  a c o n s i d e r a b l e  amount i n  t h i s  f i e l d .  The book by El  ' y a s h e v i c h ^ ^
embodied q u i t e  a thorough survey  o f  e a r l i e r  works.
Many o f  the  energy l eve ls '  do n o t  g ive  r i s e  to f l u o r e s c e n c e ,
and t h e s e  have to  be probed  by a b s o r p t io n  measurements .  Even f o r  the
f l u o r e s c e n t  l e v e l s  a b s o rp t io n  measurements are  v a l u a b l e  complementary
i n f o r m a t i o n .  However, c o n v e n t io n a l  a b s o r p t io n  t ec hn ique  i s  n o t  adequate
f o r  'o pa que '  samples .  S e l e c t i v e  e x c i t a t i o n  i s  a n o th e r  means o f  p rob ing
l e v e l s  l y in g  above the  f l u o r e s c e n t  ones .  High r e s o l u t i o n  s e l e c t i v e
e x c i t a t i o n  as a means o f  s tudy ing  h i g h e r  energy  l e v e l s  was f i r s t  r e p o r t e d
3+ (17)
from t h i s  l a b o r a t o r y  i n  CaF^tHo , and was found to be s u i t a b l e  f o r
o t h e r  r a r e - e a r t h s .  The f a c t  t h a t  n o t  a l l  energy  l e v e l s  g iv e  r i s e  to
f lu o r e s c e n c e  i n d i c a t e s  t h a t  some r o l e  i s  p layed  by i o n - l a t t i c e  i n t e r a c t i o n .
In  LaF, m a t r ix ,  i t  was f o u n d ^ t h a t  r a d i a t i v e  t r a n s i t i o n s  u s u a l l y  do no t
a r i s e  from an energy l e v e l  i f  t h e r e  are  lower ones w i t h i n  1600 cm The
e x c i t a t i o n  energy r e c e iv e d  by the  io n  i s  d i s s i p a t e d  th rough  th e  c r y s t a l
l a t t i c e .  When th e  dopant c o n c e n t r a t i o n  exceeds  1$, the  i o n - i o n  i n t e r a c t i o n  
( 1 9 - 2 0becomes i m p o r ta n t .  ' ( i n  t h e  work p r e s e n t e d  i n  t h i s  d i s s e r t a t i o n ,
samples  o f  low dopant  c o n c e n t r a t i o n  were used  to  avoid such c o m p l i c a t i o n . )
The amount o f  i o n - l a t t i c e  i n t e r a c t i o n  i s  b e s t  s t u d i e d  by
l i f e t i m e  measurements .  Many d i f f e r e n t  t e c h n i q u e s  have been employed by 
(22-25)  D. eke and H a l l (26)
and found l i t t l e  t e m p e ra tu re  dependence o f  the  l i f e t i m e s .  On th e  o t h e r
hand,  the  l i f e t i m e s  de c re a s e  w i th  i n c r e a s i n g  t em p e ra tu re  when the  r a r e -
i n  L a F ^ 27'
(18 ,28-35)
(27)e a r t h  ions  are i n c o r p o r a t e d  aF . S i m i l a r  work on CaF^ i s  s c a t t e r e d
among a few r a r e - e a r t h  ions .
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5Among many o t h e r  a p p l i c a t i o n s ,  the  l a s e r  f i n d s  i t s  use  as a
new t o o l  i n  the  f i e l d  o f  s p e c t r o sc o p y .  Because o f  i t s  h igh  i n t e n s i t y ,  a t
i t s  p a r t i c u l a r  waveleng th ,  the  l a s e r  makes p o s s i b l e  the  o b s e r v a t i o n  o f
m u l t ipho ton  p r o c e s s e s . A t o m i c . '  p o p u l a t i o n  a t  e x c i t e d  s t a t e s  i s  low
o r  s h o r t - l i v e d  under  normal c o n d i t i o n s .  A h igh  i n t e n s i t y  photon f l u x
from a l a s e r ,  when absorbed ,  can l eave  many atoms i n  an e x c i t e d  s t a t e
from which a probe beam can l i f t  them h i g h e r ,  t h u s  ex tend ing  the  c e i l i n g
o f  p rob in g  energy l e v e l s .  Some work o f  e x c i t e d  s t a t e  sp e c t r o sc o p y  .has
(47-52)been done on the  a l k a l i  h a l i d e s ,  ' b u t  l i t t l e  was done on CaF^.
The work embodied i n  t h i s  d i s s e r t a t i o n  c e n t e r e d  on the  
3+ 3"hsystems CaF^Dy a n d C a F ^ H o  . Conven t iona l  f l u o r e s c e n c e ,  thermo­
luminescence and s e l e c t i v e  e x c i t a t i o n  t e c h n iq u e s  were employed i n  a d d i t i o n  
to  an unconven t iona l  use  o f  the  ruby lase r--enhan .cement  o f  phosphorescence  
decay.
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CHAPTER I .  RESUME OF SPECTROSCOPY OF RARE-EARTH IONS
A. E l e c t r o s t a t i c  I n t e r a c t i o n
The e l e c t r o n i c  s t r u c t u r e  o f  i s o l a t e d  r a r e - e a r t h  atoms ( o r  
f r e e  io n s )  i s  l a r g e l y  de te rmined  by e l e c t r o s t a t i c  i n t e r a c t i o n s .  In  the  
f i r s t  approximation* the  Ham il ton ian  f o r  an N - e l e c t r o n  atom i s
IL = H + H . 1 o c ( 1 . 1)
This  i s  a sum o f  o n e - p a r t i c l e  o p e r a t o r s
H = 2 h ,
( 1 . 2)
t o g e t h e r  w i th  a sum o f  t w o - p a r t i c l e  o p e r a t o r s
H =c ( 1 .3 )
where e and m are  e l e c t r o n i c  charge  and mass r e s p e c t i v e l y *
r .  and p . are  r a d i a l  c o o r d i n a t e  and momentum o f  the  i *"*1 e l e c t r o n  l  i
r e s p e c t i v e l y *
r .  . i s  the  d i s t a n c e  between the  i t '^ and e l e c t r o n :
i j
( l )
Z i s  the e f f e c t i v e  charge  o f  the  nuc leus*  and th e  summation i s
o v e r  a l l  e l e c t r o n s .
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7The term H p reven ts the sep a ra tio n  o f  v a r ia b le s  in  th e  H am iltonian H ;C jl
b e s id e s ,  i t  i s  so la rg e  th a t i t  cannot be tr e a te d  as a p e r tu rb a tio n . One 
then assumes a c e n tr a l f i e l d  p o te n t ia l  U (r^ ) as the s ta r t in g  p o in t o f  the  
p ertu rb ation  th eo ry , i . e . ,
The pertu rb ing p o te n t ia l  tak es the d iffe r e n c e
2 2 
IL- H' = -  E [  f S -  + u ( r ) ]  +  2  ( 1 .4 )
i  i  i< j  r i j
The operator H1 has a product fu n c tio n  o f  the form
$(ab . . .  k | 12 . . .  N) = 0 ( b |2) . . .  0 (k |N )
as e ig e n fu n c tio n , where a rep resen ts  a s e t  o f  four quantum numbers (n , l,m ,(i)
a s so c ia te d  w ith e le c tr o n  number on e, b w ith  e le c tr o n  number two and so on .
The f i r s t  summation in  ( 1 .4 )  produces a uniform  s h i f t  fo r  a l l  the l e v e l s  
and i s  dropped from the subsequent d is c u ss io n .
One approxim ates an N -e le c tro n  w avefunction by some s u ita b le  
l in e a r  com binations o f  product fu n c tio n s  o f  the form
§ = (N J)2 0 ( a l l )  0 (b I 1) . . .
' ( 1 .5 )
0 (a |2 )
Here P a u li 's  p r in c ip le  has been in c lu d ed . The energy i s  g iven  by the  
e x p e c ta t io n  va lu e  o f  H
< f (a b . . .k )  | HL| f (  a 'b ' . . . k ' )  >=£<?( a b . . .k )  jt^ |§ ( a 'b ' .  .k '^ + e2^  <$( ab. 0 |^ " |  ? ( a 'b ' ..1
( l j.6)
The f i r s t  sum g iv e s  ( a |h |a )  + (b |h |b )  + . . .  + ^ k |h |k ) .
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These i n t e g r a l s  a re  o f  the  type
T, v 1 «. r  , s r d2 , 2 u ( r ) , s1 (a)  = —  / d r  Pa ( r ) [ -  ^  +  - ^ ~ ^ ] P a( r )
o o
where a i s  the  Bohr r a d i u s  and o
P^ i s  t h e  r a d i a l  f u n c t i o n  depending on n and 'f. 
The second sum in  ( 1 .6 )  g iv e s
<a b l7 / ~ | ab> “ <a b l7 H b a > +  <a c |‘^ ” | a c > " < a c | - ^ - j c a >  +  . . .
( 2)Expanding i n  norm a l ized  s p h e r i c a l  harmonics* '
~ ^  E ( - ) q C ( k ) ( l )  C_^k ) ( 2)
12 k=l r  k 1 q=-k q q
>  H
where r  * r ^  a re  r e s p e c t i v e l y  the  s m a l l e r  and l a r g e r  o f  the  r a d i a l  
d i s t a n c e s  o f  the  two e l e c t r o n s *
c (k)  ^  1 /2  y
q 4 k + l '  kq
Each p a i r  o f  i n t e g r a l s  o f  (18) has  the  form:
2 [ f  (a*b)Fk ( a *b) -  g(a*b)Gk ( a * b ) ] 
k K
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9where
f  ( a , b )  = Ck ( a ,a) Ck ( b ,b )
= < 0 ( a | l ) | C^k ) ( l ) | 0 ( a | l ) ) < 0 ( b | 2 )  | C ^ ( 2 ) | 0 ( b | 2 ) >  ( 1 . 9 )
g. ( a , b )  -  Ck ( a ,b) Gk ( a ?b)
= <0( a | l ) | G^k ) ( l )  j 0 ( b | l ) ) < 0 ( a | 2 ) | C ^ k ) ( 2 ) | 0 ( b j 2 ) >
r<k









<f |H1 |$> = 1 (a)  + 1(b)  + . . .  + E ( f  Fk -  gkGK) +  . . .  ( l . l i )
k
(3)The q u a n t i t i e s  f  and may be found from a t a b l e  o f  v a l u e s  '  f o r  
ck (fm, -P ' m ' ) ;  t hey  are  f i x e d  by the  p r o p e r t i e s  o f  a n g u la r  momentum 
f u n c t i o n s .  The i n t e g r a l s  1(a)* l ( b ) ,  . . .  and the  S l a t e r  i n t e g r a l s  Fk 
and exchange i n t e g r a l s  Gk depend on th e  cho ic e  o f  r a d i a l  f u n c t i o n s ^  t h e s e  
must  be p r e s c r i b e d  o r  used  as pa ra m e te r s  to f i t  e x p e r im e n ta l  d a t a .
B. S p i n -O rb i t  I n t e r a c t i o n
The nex t  term to be c o n s id e r e d  i n  the  Hamil ton ian  o f  a r a r e -  
e a r t h  ion i s  t h a t  due to  s p i n - o r b i t  i n t e r a c t i o n .




>I2 -  + Hso ( 1 .1 2 )
H =  £ e ( r . )  IQr> ^ i *■* SSO , ^ 1 1  ““1
»2 ! 3cp( r  )
p ( r  ) = - ^ -----— ------------—i ; „ 2 2 r .  g r .2m c l  l
thcp(r^) = average p o t e n t i a l  seen by the  i  e l e c t r o n .
One seeks  s u i t a b l e  l i n e a r  combina t ions  o f  ( an t i sy m m e t r i c )  p ro d u c t  f u n c t i o n s  
to  d i a g o n a l i z e  H^. Thus
f  ( y | 1 2 . . . N )  = 2  C(y.| 1 2 . .  .N) § ( a b . .  .k 112*. .N) (1 .13 )
where Y r e p r e s e n t s  a s e t  o f  c o l l e c t i v e  quantum numbers r e q u i r e d  to  l a b e l
lj£ . Not ing t h a t  i s  i n v a r i a n t  under  s p a t i a l  i n v e r s i o n ,  e i g e n f u n c t i o n s
Ij1? *o f  have w e l l - d e f i n e d  p a r i t y  n = ( - )  x . The m ix tu re  ( 1 .1 3 )  c o n s i s t s  
o f  e i t h e r  odd p a r i t y  f u n c t i o n  o r  even p a r i t y  f u n c t i o n s .
i s  i n v a r i a n t  under  r o t a t i o n .  Hence e i g e n f u n c t i o n s  o f  H 
are  e i g e n f u n c t i o n s  o f  t h e  t o t a l  a n g u la r  momentumj i . e . ,  one can o b t a i n  
e i g e n f u n c t i o n s  o f  t h a t  are  l a b e l l e d  by good quantum numbers J  and M, 
In the  f i r s t  app rox im at ion ,  t h e  R u s s e l l~ S a unde r sc oup l ing  
scheme can be adopted f o r  t h e  r a r e - e a r t h  i o n s .
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J^aLSJMj 1 2 .•  .N) =  l|f(nJ  , ^ bV V  . . .  ; LSJMJ12 . . .  N)
“ ^ . V / b -b l1 , V (L ,* t ,  l cnc l L" , t , 5 — ( l 2 — W
* ( 2 “ . '  i ^ b l S,Mp ( S,Ms K S,M8> ^ C|s " “ ; ' ) - - - ( 1 2 . . . |S M S)
X (LMl ,  SMs |JM) $ ( a b . . .k |1 2 . . .N )  (1 .1 4 )
where the summation i s  taken over a l l  m^, m^, . . .  ,  p,g,  . . .
1*V, &'> an(* ^ 's ) and a i s  any o th er  .quantum
number required  to sp e c ify  The expansion c o e f f i c i e n t s  are G lebsch  
Gordan c o e f f i c i e n t s .  Here the e le c tr o n s  are coupled  to g eth e r  one a f te r  
another.
T reating  Hgo as p ertu rb ation  to  H^, the m atrix elem ent
<aLSJM| Hgo | a '  L' S' J '  M')
i s  req u ired . For s im p l ic i ty ,  the ca se  o f  two e le c tr o n s  i s  con sid ered  
below . Noting th a t L and £  are ten so r  o p era tors o f  rank one,
4, A ” i / b LSJM| s  s ( * 1> f e ( i ) - s . t o | v V V L , s ' ' J , M , r  s . " . )
x  l  K i d . V l l t c o i K . ^ b ' ^ ' x i  2  s i l a ( 1 ) H i i  s ' >  a - 1 5 )
where = J*dr P^Cr) g (r )  P^(r) co n ta in s  th e  r a d ia l dependence.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
(4 )V alues o f  the 6 - j  symbol { ] can be found from t a b l e s , '  ' so th a t the
d iagon al part o f  ( 1 .5 )  can be w r itte n  e x p l i c i t l y  as
< na^ a V b LSJMlHs o lna ^ a V b  LSJM> = 2 " L^L+1) “ s ( s+1) ]  C(abSL) C1 *16)
The sp in -o r b it  in te r a c t io n  removes p art o f  the degeneracy o f  the energy 
l e v e l s .  I t  sep ara tes  the l e v e l s  ( la b e l le d  by J ) o f  a g iv en  term ( la b e l le d  
by L and S ) .  The d iagonal m atrix e lem en ts o f  Hgo are
E (abSU ) = 1 (a ) +  1(b) +  S ffc(^ J fcSL)Fk +  ( - ) Sgk ( l a-fbSL)Gk
+  i  [J(J+1) -  L(L+1) -  S (S + 1)] £(abSL) (1 .1 7 )
The s p l i t t in g  between adjacent l e v e l s  i s
A — E(abSLJ) -  E (a b S U -l)  =  J Q (abSL) (1 .1 8 )
T his i s  th e  Lande in te r v a l  r u le :  th e  le v e l  s p l i t t in g  i s  p rop ortion a l to
J .
The s p in -o r b it  in te r a c t io n  i s  d iagonal in  J ,  but i t  con n ects  
fu n c tio n s  o f  d if f e r e n t  S and L. S in ce  L and S_ are te n so r s  o f  order one, 
th ere  are m atrix elem ents between S and S ' = S +  1 and between L and 
Lb L +  1. Thus the in te r a c t io n  m ixes s in g le t s  and t r i p l e t s  o n ly .
The preced ing formulae apply to  e le c tr o n s  belonging to  
d if f e r e n t  o r b i t a l s .  E quivalent e le c tr o n s  requ ire a d if f e r e n t  trea tm en t.
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Ic IcAs shown by Condon and S h o rtley  and Racah, the F and G are
(5  2)p o s i t iv e  q u a n tit ie s  and d ecreasing  functions o f  k . In the sem i-em p irica l
1c Icapproach, one lea v e s  the in te g r a ls  I ,  F ,  and G as unknown param eters,
to  be determ ined from the experim en ts. This makes d e f in i t e  p r e d ic t io n s  
about the ordering  o f  energy l e v e l s  and t h e ir  r e la t iv e  sp a c in g . D ev ia tion s  
from th ese  p r e d ic t io n s  can in d ic a te  the in flu e n c e  o f  c o n fig u r a tio n  m ixing  
or  s p in -o r b it  in te r a c t io n . I f  the observed  energy l e v e l s  o f  an atom f i t  
the p a ttern  p r e d ic te d  b y (1 .1 7 ), then one can exp ect th e  LSJ fu n c tio n s  to  
provide reasonable approxim ations fo r  o th er  atomic p r o p e r tie s ..
In th e  c o n str u c tio n  o f  coupled fu n ctio n  (1 .1 4 )  from product
fu n c tio n s , ^  c a r r ie s  the 2N la b e ls  the N e le c tr o n s ,  four
c o l l e c t iv e  la b e ls  LSJM and 2N-4 in term ed ia te  la b e ls  ^ • The la s t
s e t  o f  la b e ls  i s  c a l le d  th e  'p aren tage' o f  the term . One p a r t ic u la r  term  
may r e s u lt  from d if f e r e n t  'p a ren ts' through cou p lin g  o f  the same e le c tr o n s  
in  a p a r t ic u la r  cou p lin g  scheme.
Inmany c a s e s ,  one can deduce atomic p r o p e r tie s  o f  a system
w ith ou t a d e ta ile d  knowledge o f  the ac tu a l w avefu n ction s. So in s te a d  o f
fo llo w in g  the ted io u s  determ inantal w avefunction  c a lc u la t io n  one may 
d e fin e  a coupled fu n ctio n  by d isp la y in g  c e r ta in  op erator  fo r  which i t  i s  
an e ig e n fu n c tio n , and then apply ten so r  operator techn iqu e and recou p ling  
procedure.
C. E quivalent E lec tro n s
When some o f  the e le c tr o n s  are e q u iv a len t (same n and- f ) ,
n ot every p o s s ib le  s ta te  fu n ctio n  b u i l t  up by the u su a l  v e c t o r  coup lin g
*
T his  r e p r e s e n ts  th e  sequence o f  co u p lin g  to  g iv e  th e  LSJ term and i s  
d i f f e r e n t  from th e  c o e f f i c i e n t  o f  f r a c t i o n a l  p a r e n ta g e .
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scheme i s  allow ed by the e x c lu s io n  p r in c ip le .  R a c a h ^  proposed to  make 
use o f  the powerful m atrix method developed by Condon and S h o r tle y ^ ^  to  
c a lc u la te  the e ig en fu n c tio n  o f  the c o n fig u r a tio n  l n as a l in e a r  combina­
t io n  o f  the e ig en fu n c tio n  obta in ed  by the ad d ition  o f  a fu r th e r  e le c tr o n  
to the c o n fig u ra tio n  I n In the v e c to r  coup lin g  o f  th ree  eq u iv a len t  
e lec tro n s^  one can form
t  ,• S L) or  f  O f,W (S " L , , ) j  S L)
They are r e la te d  by the u n itary  tran sform ation  m atrix
( 5l W 2(S ’L') , }t 3iS L|*1* W 2 *3*3 (S" L" ) i  S «  •
Not a l l  v a lu es  S 1' ,  L ' 1 are allow ed by the e x c lu s io n  p r in c ip le .  Only such 
a l in e a r  com bination
± (t3a. SL) = E (■f2(a'SL')l,S L } |3a S L )t( 'f2(a's ,L !)^SL)
S'LU'
3may be e ig e n fu n c tio n  o f  I fo r  which the c o e f f ic i e n t  o f  f r a c t io n a l  
parentage (CFP)
(^ 2 (tt 'S 'L ')'f>SL}'f3aSL) 
s a t i s f i e s  the equation  system
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E (f  j'f-f ( S  ' ' L 1 1) , S L | I 2(S ' L ' ) ' f S L ) ( l 2(S 'L 1 ) |SL }l ^ aSL) = 0 ,  ( S " + L " = ^ d d )  
S " L "
n.*™ XMore g e n e r a l l y ,  i f  one knows the  f r a c t i o n a l  p a re n t a g e  o f  -f , one can 
c o n s t r u c t  e ig e n f u n c t i o n  o f  <fn . Thus
ij?('PnaSL) = E ( l n" 1( a ' S ' L , )'?SL}|na S L ) t ( l n " 1( a IS 'L ' ) ' fSL) 
a ' S  'L '
= a 'S ^ L '  ( ^ n"^(d-1 S’L 1 )ISL]' fna S L ) ( | n " 2(a,’lS"L" ) l  >S ’L 1 }-fn " 1a ’S 'L ' )  
a"S"L"
x  i j r( fn " 2 ( a ' ,S"L") 'P  ' ( S  ' L ' ) | S L )
and the  CFP must s a t i s f y  t h e  e u q a t i o n  system
E ( S l ' L " Jl l ( S n’L " ' ) } SLIS " L 1'-f (S 'L' ) -fSL) x ( | n " 2(a"S"L" )■? 1S ' L ' } | n " 1a  'S ' L ' )  
a ' S ' L '
x ( | n " 1( a ' S ' L ' ) I S L } | naSL) = 0 ,  (S "  ' + L "  ' = o d d ) „
The p roce s s  o f  adding e q u i v a l e n t  o r b i t a l s  must t e r m in a t e  on
r each ing  th e  c lo s e d  s h e l l  f u n c t i o n  t h a t  has N = 2 ( 2 -f +  1) o r b i t a l s .  The
n a t u r e  o f  the  d o s e d  s h e l l  f u n c t i o n  i s  e a s i l y  seen by n o t i n g  t h a t  m| and
m can t ak e  the  v a lu e s  s
m — + 1/2 s ~
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so t h a t  S = L = 0^ and J  = M = 0 .  S ince  e q u i v a l e n t  d o r  f  o r b i t a l s  have
s e v e r a l  terras o f  the  same t y p e ,  one must  have some way to d i s t i n g u i s h
between them. One way i s  to  s p e c i f y  the  p r i n c i p a l  p a r e n t  ( S ' L ' ) ,  p r i n c i p a l
g r a n d p a r e n t  ( S l , L , , ) j  e t c .  Th is  g e n e a l o g i c a l  scheme i s  n o t  wide ly  u s e d .
( 6 )Racah deve loped the  s e n i o r i t y  scheme based  on p a i r s  o f  o r b i t a l s  coup led  
to  a s t a t e .  E s s e n t i a l l y  the  same s p e c t r o s c o p i c  term i s  o b t a i n e d  f o r  
■fV as one c oup le s  to i t  the  2 - e l e c t r o n  f u n c t i o n  i£(/f ^ 0 ) .  Thus t h e  term 3F 
i s  c o n ta i n e d  i n  the  cha in
f 2( 3F ) j  f 2( 3F) + f 2( 1S) = f 4 ( 3F ) j  f 4 ( 3F ) + f 2( 1S) = f 6( 3F ) j  e t c .
One can d e f i n e  a s e n i o r i t y  number o f  a term in  the  fo l l o w in g  way: from 
the  c ha in  o f  terms^ d e l e t e  a l l  p a i r s  o f  e l e c t r o n s  l e a v i n g  f V. Then v 
i s  the  s e n i o r i t y  number. In  o t h e r  words^ | V i s  t h e  c o n f i g u r a t i o n  in  
which the  term SL occu rs  f o r  t h e  f i r s t  t im e .
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CHAPTER I I .  GROUP THEORETICAL CONSIDERATION
A. Free Ions
As mentioned b e f o r e ,  e i g e n f u n c t i o n s  o f  a ngu la r  momentum are 
used because  o f  the  r o t a t i o n a l  i n v a r i a n c e  o f  the  Hamil ton ian  o f  a f r e e  
i o n .  This  s p h e r i c a l  symmetry i s  d e s t r o y e d  once th e  ion  i s  i n c o r p o r a t e d  
i n t o  a c r y s t a l  l a t t i c e .  Hence e i g e n f u n c t i o n s  must  be c o n s t r u c t e d  from 
th o se  o p e r a t o r s  compat ib le  w i th  the  new symmetry.
When a Hamil ton ian  i s  i n v a r i a n t  unde r  a group G o f  symmetry 
t r a n s f o r m a t i o n s ,  the  e i g e n f u n c t i o n s  be lo ng ing  to  one energy  l e v e l  form 
a b a s i s  f o r  a r e p r e s e n t a t i o n  o f  G« This  can be t aken  as a fundamental  
theorem, t h e  impor tance  o f  which l i e s  i n  t h e  f a c t  t h a t  one can l a b e l  and 
d e s c r i b e  an energy l e v e l  and i t s  e ig e n f u n c t i o n  simply by naming the 
r e p r e s e n t a t i o n  a s s o c i a t e d  w i th  i t .
The Ham il ton ian  ( l . l )
H, = H + H 1 o c
2 7 2 2 
= £ £ t _  - _  + 2 f   ( 2 .1 )rl  2m i  i> i  r . .
i j
does n o t  o p e r a t e  on t h e  s p i n .  The term e i g e n f u n c t i o n  ( i n c l u d i n g  sp in )  
t h e r e f o r e  i s  (2L + 1 ) C2S + l ) - f o l d  d e g e n e r a t e .  Th is  degeneracy c o r r e sponds  
to t h e  f a c t  t h a t  i s  i n v a r i a n t  under  a r o t a t i o n  o f  a l l  s p a t i a l  c o o r d i n a t e
-  17-
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or  o f  a l l  sp in  coo rd in a tes  s im u lta n eo u sly . The H am iltonian
H =  H +  H 2 1 so
=  Hi  +  S g (r ±) ( 2 .2 )
co n ta in s  products o f  v e c to r s , and i s  th e re fo r e  no lon ger  in v a r ia n t under 
o r b ita l  and sp in  r o ta t io n s  s e p a r a te ly . I t  fo llo w s  th a t L, M ,^ S , Mg are 
no lon ger  good quantum numbers fo r  c h a r a c te r iz in g  a s t a t e .  The w avefunction
i(LSjM ) = S (Ll^SMg JJM ^L^SM g) ( 2 .3 )
i s  not an exact e ig e n fu n c tio n , which would con ta in  a d d it io n a l c o n tr ib u tio n s  
from o th er  terms w ith  d if fe r e n t  L and S but the same J and M. However,
1 *^9 _^ i s  in v a r ia n t under a sim ultaneous r o ta t io n  in  both o r b ita l  and sp in  
sp ace . Hence the term fu n ctio n  transform s according to
x (2 .4 )
J
under sim ultaneous o r b ita l  and sp in  r o ta t io n s , where
J =  L + S , L + S - l ,  . . . IL-SI
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I t  was no ted  b e fo r e  t h a t  i s  i n v a r i a n t  under  i n v e r s i o n  
o p e r a t i o n  tc. Since  n commutes w i th  every  r o t a t i o n  o p e r a t o r  It, t h e  m a t r ix  
e q u a t io n
D( tc) D(R) = D(R)D(Tt)^ V 1 S G ,  (2 .5 )
( l )
h o l d s .  By S c h u r ' s  lemma.,
D( 7t) = P I
2
where I  i s  the  u n i t  m a t r ix  and P a scalar.  S ince  n i s  t h e  i d e n t i t y  
t r a n s f o r m a t i o n
P = + 1
t h e r e f o r e  u ^  ^  ( 2 .6 )
The wave func t ion  i s  s a i d  to have even ( w i th  + s ign )  o r  odd (w i th  ~ s ign)  
p a r i t y .  Now th e  sp in  f u n c t i o n  space (u+ > u_) i s  i n v a r i a n t  under  tu 
I t  t r a n s fo r m s  accord ing  th e  ^ ^ )  ( doub le -va lued)  r e p r e s e n t a t i o n  under  
r o t a t i o n .  The i d e n t i t y  t r a n s f o r m a t i o n  i s  r e p r e s e n t e d  by t h e  two m a t r i c e s  
I  and - I ,  so t h a t
% U+ = P U+, It u — P u ( 2 .7 )
where P t a k e s  v a lu e s  +1,  + i .
Since  p h y s i c a l l y  o b s e rv a b le  q u a n t i t i e s  c o n ta i n  p r o d u c t s  l i k e
ill. so 7X . i!5*. c o n t a i n s  the  f a c t o r  (P' 'P) = 1, where n i s  t h e  number 1 j  r j
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o f  e l e c t r o n s .  Hence one can choose the  s p in  f u n c t i o n  to have even p a r i t y  
f o r  s i m p l i c i t y .  Also,  1 and a re  i n v a r i a n t  under  n.  The Ham il ton ian  
H i s  t h e r e f o r e  i n v a r i a n t  under  n .  I t s  e i g e n f u n c t i o n  ^  (L ,S ,J ,M) can be
E - P  •a s s ig n e d  a d e f i n i t e  p a r i t y  P = ( - )  1 .
Fur the rmore ,  p h y s i c a l l y  measurable  q u a n t i t i e s  appear  a s ,  o r  
can be e x p re s s e d  i n  terms o f ,  m a t r ix  e lements  o f  t h e  type
Mi j  = | t . ^ >  ( 2 .8 )
I f  t r a n s f o r m  acco rd ing  to  and
i  ic J
r e s p e c t i v e l y ,  M. . i s  non -v an i s h in g  on ly  when x c o n t a i n s  .r J
This can be t ake n  as a n o th e r  fundamental  theorem.
The spontaneous  and induced e l e c t r i c  d i p o le  t r a n s i t i o n  
p r o b a b i l i t i e s  are  p r o p o r t i o n a l  to
> | 2
I f  'il^, ^  belong  to  s e t s  w i th  J  = J ^ ,  r e s p e c t i v e l y ,  then  r a^  t r a n s fo r m s  
a ccord ing  to  x ^  f o r  > 1. Using the
fundamental  theorem above, the  m a t r ix  e lem en ts  v a n i s h  u n l e s s
AJ = J  -  = 0 o r  + 1, bu t  no t  = 0 t o  = 0.  For  t h e  same r e a s o n ,
the  e l e c t r i c  d i p o l e  o p e r a t o r  e r ,  be ing an odd o p e r a t o r ,  does n o t  connec t
s t a t e s  of  t h e  same p a r i t y .  On th e  o t h e r  h a n d , . t h e 'm a g n e t i c  d i p o le  
o p e r a t o r  r  x  £  i s  even ,  so t h a t  magnet ic  d i p o le  t r a n s i t i o n s  between the  
same c o n f i g u r a t i o n  i s  a l lowed by p a r i t y .  I n  t h e  case  o f  o p t i c a l  t r a n s i t i o n s
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between c r y s ta l  f i e l d  s p l i t  l e v e l s ,  p a r ity  i s  not e n t ir e ly  a good quantum 
number because v ib r a tio n s  o f  th e  io n s  in  a l a t t i c e  w ith  cen tre  o f  in v e r s io n  
d estroy  the p e r fe c t  symmetry. S in ce  e l e c t r i c  d ip o le  t r a n s i t io n s  are
norm ally o f  the order Cm(137) tim es as stron g  as m agnetic d ip o le
a
t r a n s i t io n s ,  even a sm all breakdown in  the p a r ity  s e le c t io n  r u le  a llow s  
the e l e c t r i c  d ip o le  t r a n s it io n s  to  dom inate.
B. C ry sta l F ie ld
The c r y s ta l  m atrix o f  CaF^ belongs to  the f lu o r i t e  (cu b ic )
system s as shown below ( 2)
1 / 2
1 /4 ,3 /41 /4 ,3 /4
1 /4 ,3 /41 /4 ,3 /4
Ca2+
O
Unit c e l l  o f  CaF^ p ro jec ted  
on a cube face
But fo r  the p resen t purpose, one may p ic tu r e  th a t  a ca lcium  ion  s i t s  at 
the body cen tre  o f  every o th er  cube formed by f lu o r in e  io n s  at th e  l a t t i c e
s i t e s .  Doping can be done, fo r  in s ta n c e , by adding the ra r e-e a rth
3+t r i f lu o r id e  to  the m e lt . The RE e n ter s  the c r y s ta l  m atrix by s u b s t itu t in g  
a Ca . For e le c t r i c a l  n e u tr a li ty  charge com pensation i s  req u ired . A 
commong scheme i s  com pensation by an ex tr a  f lu o r in e . io n  at an i n t e r s t i t i a l
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s i t e .  When t h is  charge compensator i s  remote from the r a r e -e a r th  io n ,
the l a t t e r  f in d s  i t s e l f  in  an e s s e n t ia l ly  cub ic  f i e l d .  On the o th er  hand,
i f  the charge compensator i s  in  c lo s e  proxim ity  o f  the io n , the symmetry
i s  a x ia l  Another p o s s ib le  com pensation scheme i s  by the in tr o -
2 -
duction  o f  OH or  0 . The ra re-ea rth  ion  w i l l  see  a tr ig o n a l symmetry
ourj
(3 )
(C3v) i f  one o f  i t s  neighb ing f lu o r in e  ion  at a l a t t i c e  s i t e  i s
rep laced  by a com pensator. ' The type o f  charge com pensators p resen t  
as w e ll as th e ir  r e la t iv e  abundance depends on the growth c o n d itio n  o f  
the sample and/or subsequent therm al treatm ent.
_ _ 6 -------------------. A . .O —
3+EE in  cubic s i t e
. O
3+RE in  C. s i t e
4 - fo ld  a x is
o Cf RE3+
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RE in  C s i t e3v
r
The e ig e n fu n c tio n  o f  a fr e e  ion  i s  in v a r ia n t under r o ta t io n  
and in v e r s io n . I t  transform s as th e  sp h e r ic a l harmonic Yjm, which are 
b a s is  fu n c tio n s  o f  an ir r e d u c ib le  rep r ese n ta tio n  o f  dim ension 2-P +  1.
When being p laced  in to  a c r y s t a l ,  th e  ion  has i t s  sp h e r ic a l symmetry 
reduced to  th a t o f  the s i t e  i t  r e s id e s  in  the c r y s t a l .  In order to  see  
the e x te n t  to which the o r ig in a l  degeneracy i s  l i f t e d ,  one has on ly  to  
reduce the rep r ese n ta tio n  o f  the o r ig in a l  symmetry group (th e  f u l l  
r o ta t io n  group) belongin g to  a d e f in i t e  term ( s p e c i f i e d  by J) o f  the fr e e  
ion  to the r e p r esen ta tio n  o f  the symmetry p o in t group at the ion  s i t e .  I t  
i s  im m aterial whether the p ertu rb ation  i s  sm all or la r g e , and in  p a r t ic u la r  
which form i t  ta k e s , and whether one c a lc u la te s  th e  p ertu rb ation  energy  
on ly  to  the f i r s t  order or  to  a h igh er  ord er .
The in tr o d u ctio n  o f  the fr e e  ion  in to  th e  c r y s ta l  r e s u lt s  in  
the s p l i t t i n g  o f  the r e p r esen ta tio n  in to  components, each o f  which i s  
an ir r e d u c ib le  r e p r esen ta tio n  o f  the group o f  symmetry o p era tio n s  which 
lea v e  the c r y s ta l  p o t e n t ia l ,  V , unchanged.. Thus
dj  “ = ci  r i
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where the c ^ 's  are c o n s ta n ts .
A s ta t e  o f  the system  i s  represen ted  by a r e p r esen ta tio n  and i t s  
degeneracy i s  g iven  by the dimension o f  p^. For exam ple, the le v e l s  
J = 9 /2 ,  13 /2  and 15 /2  are s p l i t  by the c r y s ta l  f i e l d  ( o f  d if f e r e n t  
sym m etries) in  the fo llo w in g  manner













Often i t  i s  h e lp fu l to know ju s t  the number o f  l e v e l s  a s ta te  
o f  a g iven  J w i l l  be s p l i t  in to  fo r  a g iven  c r y s ta llo g r a p h ic  p o in t group. 
Runciman^^ con sid ered  the genera l problem and showed th a t fo r  h a lf  
in te g r a l  J ,  the fo llo w in g  s p l i t t in g  occu rs:
j 1 /2 3 /2 5 /2 7 /2 9 /2 11 /2 13 /2 15/2
cubic 1 1 2 3 3 4 5 5
low er symmetries 1 2 3 4 5 6 7 8
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Inasmuch as group th e o r y  f u r n i s h e s  an e x a c t  s o l u t i o n  to  the
number o f  components i n t o  which a s t a t e  i s  s p l i t ,  i t  does n o t  t e l l  the  
amount o f  s p l i t t i n g  o r  the  r e l a t i v e  p o s i t i o n s  o f  the  l e v e l s .  In  the  
c a l c u l a t i o n  o f  c r y s t a l  f i e l d  s p l i t t i n g  the  f a v o r i t e  model i n v o lv e s  a 
s t a t i c  p o i n t  charge  e l e c t r i c  f i e l d .  The charge  d i s t r i b u t i o n  o f  the  o t h e r  
ions  does n o t  p e n e t r a t e  i n t o  t h e  r a r e - e a r t h  s i t e .  So th e  c r y s t a l  f i e l d  
s a t i s f i e s  L a p l a c e ' s  e q u a t io n
e x p e r im e n ta l  r e s u l t s ,  and th e  summation i  i s  ov e r  t h e  f  e l e c t r o n s  o f  the
V2V = 0 c
One can th e n  expand as a s e r i e s  i n  s p h e r i c a l  harmonics
o r ,  i n  Racah 's  t e n s o r  notat ion,
( 2 . 10)
where B ^ remain undete rmined  c o e f f i c i e n t s ,  u s u a l l y  a d j u s t e d  to  f i t
i o n .
Nov; a l l  m a t r ix  e lem en ts  o f  i n vo lve  i n t e g r a l s  o f  t h e  type
( 2 . 11)
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where t r a n s fo rm  under  r o t a t i o n  acco rd in g  to f o r  f  e l e c t r o n s ,
Using the  fundamental  theorem above, the  m a t r ix  e lement  v a n i s h e s  u n l e s s
i s  c o n ta i n e d  in  x j i . e . ,  t h e  s e t { l c + 3 j  k+2, . . . |  k - 3 | ]  has
to  c o n ta i n  3.  Therefo re  k ^  6 .  By s i m i l a r  r e a s o n i n g ,  m a t r ix  e lements  
i n v o lv in g  odd terms o f  the  s p h e r i c a l  harmonics  v a n i s h .  Thus the  s e r i e s  
(2 .10 )  t e r m i n a t e s .  Since  i s  c o n s t a n t ,  t h e  f i r s t  term i n  the  s e r i e s
can be igno re d  as  f a r  as c r y s t a l  s p l i t t i n g  i s  concerned , .  Leaving
V = S [ Bo C ^ U )  + B? C ^ i )  + Bq C ^ C i )  ] ( 2 . 1 2 )c .  L 2 q  4 q 6 q '  J 'i , q
The. v a lu e  o f  q w i l l  be f u r t h e r  l i m i t e d  by the  p o i n t  symmetry o f  the  
r a r e - e a r t h  ion  s i t e ,  s inc e  the  H am il to n ian  must be i n v a r i a n t  under  Lae
o p e r a t i o n  o f  the  p o i n t  symmetry g roup .  In g e n e r a l ,  when t h e r e  i s  an
(k)m -fo ld  a x i s ,  w i l l  c o n t a i n  '  . For  some high  symmetry c a s e s  t l i ere
/  7 \
e x i s t  r e l a t i o n s  between the  c o e f f i c i e n t s  B q . ' For  i n s t a n c e ,  i n  thetc
c ase  o f  t e t r a g o n a l  symmetry, ( C ^ ) ,  m = 4,  one has
VC = ?  £B2Co 2>(1) + B4 Cl 4>( i )  +  ®4 [ Cl 4 ) ( i )  + C- f ( l ) ] 
+ E° <6)(0 [C<6) ( i )  +  C ^ ( i ) j }
I n  t h e  S U  scheme, ( 2 .1 1 )  t a k e s  the  form
£ B,q ( fnaSLJMT I C ^ V i )  I f na ' S L 1J ’Ml ). , k J 1 q 7 « J  /q
£ Bq ( fnaSLJM l u ^  C ^ U )  I f na 1SL * J ’ML > (2.1,3)k J ' q  ' ' I Ji , k , q
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(k)where U '  i s  Racah's .  u n i t  t e n s o r  o p e r a t o r  such t h a t
q
( cuf | U ^ l  a ' l  ' \  = 8  , 8oo ,, '  I q I f  a a '  u  '
Using Wigner E c k a r t  theorem, t h e  m a t r ix  e lement  i n  (2 .1 3 )  can be w r i t t e n  as 
( f ^ S L J M j  | | f na ' S L ' J ' M j  ) ( f  jj || f )
= ( _ M j q MJ  ( f naSLJ| |  U( k ) || f na ' S L ' J ' ) ( f ) |  C^k) || f )
From th e  3 - j  symbol, one o b t a i n s  the  s e l e c t i o n  r u l e
Mj -  Mj. = q (2 .14 )
-... s.. t. .. _ — _ _ ... .* ., x j     ^ _ r   j, _ k  ___ i    t.    ..   i_..* „ c . . . * _t»u Luc iu  O n e  t-ctn i u t i u u u b c  a  o t t u  u i  t t y S t d i  ^ u d i i L U u t  l i u m u c i o   ^ j j ,  j  » cn, x a  a. y  x ng,
t h e  r e l a t i o n
M = |j, (mod q) (2 .15 )
The v a lu e s  o f  q a re  r e s t r i c t e d  to  0 ,  +1,  +2,  +3,  +4 and +6 depending on 
th e  p o i n t  symmetry o f  t h e  c r y s t a l  f i e l d .  Thus t h e  f r e e  i o n  s t a t e s  may 
be d iv id e d  i n t o  d i f f e r e n t  c l a s s e s  c h a r a c t e r i z e d  by th e  c r y s t a l  quantum 
numbers once the  ion  i s  i n c o r p o r a t e d  i n t o  a c r y s t a l  f i e l d  o f  g iven  
symmetry. All  s t a t e s  be long ing  to  t h e  same c l a s s  may i n t e r a c t  one w i th
a n o th e r ,  bu t  no t  w i th  any s t a t e  o u t s i d e  i t s  c l a s s .
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CHAPTER I I I .  FLUORESCENCE OF IONS IN CRYSTALS 
The approximat ion o f  t r e a t i n g  the  ion in  an e l e c t r o s t a t i c  
c r y s t a l  f i e l d  does no t  account  f o r  a number o f  o b s e r v a t i o n s , such as :
1. occurance  o f  Lapor te  f o rb id d e n  e l e c t r i c  
d i p o l e  t r a n s i t i o n s  f o r  c e n t r e s  w i th  i n - ,  
v e r s i o n  symmetry,
2® . t em pera tu re  dependence o f  p o s i t i o n s  and 
w id ths  o f  s p e c t r a l  l i n e s ,
3 .  r a d i a t i o n l e s s  p r o c e s s e s .
The io n  may be c o n s id e r e d  coup led  to the  c r y s t a l  l a t t i c e  th rough  th e  
c r y s t a l  f i e l d ,  which i s  be ing  modulated  by the  therm al  v i b r a t i o n s  o f  the  
l a t t i c e .  An e x c i t e d  atom can r e l a x  to the  ground s t a t e  e i t h e r  by emiss io n  
o f  r a d i a t i o n ,  o r ,  th rough t h i s  c oup l ing  w i th  the  l a t t i c e . ,  d i s s i p a t e  energy  
as h e a t .
Energy t r a n s f e r  th rough  r a d i a t i o n l e s s  t r a n s i t i o n s  i s  an
-1 0  -11ex tremely  f a s t  p r o c e s s “- w i t h i n  10 to  10 s e c . — and i s  no rmal ly  r a t h e r  
.beyond the  c o n t r o l  o f  the  e x p e r i m e n t e r .  The c a l c u l a t i o n s  o f  the  t r a n s i t i o n  
p r o b a b i l i t i e s  o f  r a d i a t i o n l e s s  (m ul t i -phonon)  p r o c e s s  i s  beyond the  scope 
o f  t h i s  d i s s e r t a t i o n ,  s u f f i c e  i t  to ment ion  t h a t  t h e s e  p r o c e s s e s  a re  the  
l e s s  p ro b a b le  the  l a r g e r  i s  the  energy  gap between the  two l e v e l s  in v o lv e d  
in  the  t r a n s i t i o n .  When competing w i th  the  r a d i a t i v e  decay p r o c e s s  the  
r a d i a t i o n l e s s  p ro c e s s  i s  a s e r i o u s  l o s s  f o r  a f l u o r e s c e n t  sys tem. On the  
o t h e r  hand i t  may be u s e f u l  i n  the  c a se  where the  e x c i t i n g  l i g h t  b r i n g s  a
*28"
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l a r g e  number o f  ions  to  one o r  more upper  e x c i t e d  s t a t e s  from which they  
q u ick ly  decay to  a long l i v e d  m e t a s t a b l e  s t a t e  which becomes the  i n i t i a l  
s t a t e  o f  the  f l u o r e s c e n c e .
T r i v a l e n t  r a r e - e a r t h  i ons  i n  c r y s t a l  have sha rp  a b s o r p t io n  
l i n e s .  Many of  t h e s e  l ines :  a l s o  f luo r i t e s  >$. - They o r i g i n a t e  
from l o n g - l i v e d  ( m e t a s t a b l e )  s t a t e s  whose l i f e t i m e s  a r e  o f  the  o r d e r  o f
~2 ~310 to  10 s e e . ;  t h e  a b s o r p t io n  bands ,  i n s t e a d ,  c o r r e s p o n d  to  s h o r t ­
l i v e d  s t a t e s  from which the  e x c i t e d  i o n s  qu ick ly  decay to  the  m e t a s t a b l e  
l e v e l s .
The fo l low ing  development i s  c o m p a ra t iv e ly  more d e t a i l e d  than  
b e f o r e  s in c e  the  main p a r t  o f  the  e x p e r im e n ta l  work was done i n  t h i s
d i r e c t i o n .
A. Cont inuous  E x c i t a t i o n
C ons ide r  a t h r e e - l e v e l  system w i th  one f l u o r e s c e n t  l e v e l  as 
shown i n  the  diagram below:
r a d i a t i o n l e s s  decay
r a d i a t i v e  t r a n s i t i o n
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Let  w be the  p r o b a b i l i t y  p e r  u n i t  t ime f o r  the  ion  to undergo t r a n s i t i o n  
1 -* 3 as a r e s u l t  o f  a b s o r p t i o n  o f  r a d i a t i o n ,
P31 ’ P32 anC^  P21 ^ownwarc  ^ t r a n s i t i o n  p r o b a b i l i t i e s  p e r  u n i t
time between l e v e l s  3 , l j  3 , 2  and 2,1 r e s p e c t i v e l y .
Assume f o r  s i m p l i c i t y  t h a t  p ^  »  P32-* ^21*
Let  N be t h e  number o f  atoms occupying  the  i 1"*1 l e v e l ,  w i t h  a t o t a l  o f
atoms in  t h e  system.
The r a t e  e q u a t i o n s  are





0 _ d_ d t






32 ( 3 .1 )
Under c on t inuous  e x c i t a t i o n ,  a s t e a d y  s t a t e  o f  thermodynamical 
e q u i l i b r i u m  w i l l  be e s t a b l i s h e d .  For  w «  p , p ^
N„ ~  wN T 2 o
where T = p  ^ i s  the  n a t u r a l  l i f e t i m e  o f  l e v e l  2. I t  i n c l u d e s  a l l  the  
decay p r o c e s s e s  t h a t  o r i g i n a t e  from l e v e l  2 and end on l e v e l  1.
One can e x p re s s  w as t h e  p roduc t  gl  , where q i s  the
a b s o rp t io n  c r o s s - s e c t i o n  and I the  i n t e n s i t y  o f  i n c i d e n t  r a d i a t i o n  o f
cl
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frequency  range dv around v :
cl ci
(3 .2 )
The i n t e n s i t y  o f  f l u o r e s c e n c e  e m i s s i o n , I ^ ,  i n  t h e  f requency  range  dv^
around v^,  i s  p r o p o r t i o n a l  to t h e  p o p u l a t i o n  o f  the  f l u o r e s c e n t  l e v e l
spect rum i s  o b t a i n e d .  Such a t r e a tm e n t  may d i s c l o s e  a b s o r p t i o n  bands 
r e s p o n s i b l e  f o r  the  energy  s to r a g e  and subsequen t  r e - e m i s s i o n .
B. P u l sed  E x c i t a t i o n
For s i m p l i c i t y ,  assume a s t e p  f u n c t i o n  t ime dependence o f  the  
e x c i t i n g  l i g h t  o f  d u r a t i o n  t ,
= 0 o th e r w i s e
The r a t e  e q u a t i o n s  f o r  the  t h r e e - l e v e l  system c o n s id e r e d  b e fo r e  are
and the  p r o b a b i l i t y  f o r  r a d i a t i v e  t r a n s i t i o n ,  to t h e  ground s t a t e .
( 3 .3 )
On summing ov e r  v w h i le  em is s ion  a t  v,. i s  m on i to red ,  an e x c i t a t i o n  3 X.
w (t )  = u) [ n  ( t )  -  n  ( t  -  T) 3
where n  ( t ) -  1 f o r  0 ^ t
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The s o lu t i o n s  f o r  t  ^  j  a re
where
c f  S t
N3( t )  = A  + B e ' 1 + C  e 2
s t  s t
N ( t )  = D i  E a +  F e
P3P21 + ^“ ^21 + “ P32
“  " o  P 21
S1 S2
- ” o (S1 + p 21) ,
S1 ( S1 ‘ S2>
“  "o U 2 + P i
rs ( j- <-< A P




S1( S 1 ‘  S2}
F _ MHo P32
S 2 ( S 2 "  S l }
P3 P31 + P32
{~(p,+ 20) + p 21)+ [ ( p , +  2arlp91) 2- 4U)Pc
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For t  > Ti
N3( t )   ^ N3 ( T)e
*P3 ( t » T)
N2( 0
■ P o l  ^ “ t )
P3‘ P12 3
pW t) -p3( t ' T>
P3"P21
( 3 .6 )
where N ( t ) N (p)  are  g iven  by ( 3 .5 )  f o r  t  -  p.
A f t e r  the  end o f  the  e x c i t i n g  pulse ,,  t h e  f l u o r e s c e n c e  decay f o l lo w s  the  
same cu rve  as N^( t)  i n  ( 3 . 6 ) .
Case 1 P g >:> ?2 l
The f l u o r e s c e n c e  decay i s  a lmost  pure  e x p o n e n t i a l  w i th  decay t ime p
2 1 '
Case 2 P32n3 ( t) £ P ^ t r )
The f l u o r e s c e n c e  r ea c he s  a maximum a f t e r  t h e  c e s s a t i o n  o f  e x c i t a t i o n  and 
then decays e x p o n e n t i a l l y .
C. M u l t i l e v e l  System









i  _  . ..
3 m e t a s t a b l e
m e t a s t a b l e
I g ro u n d
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C o n s id e r  a m u l t i l e v e l  system shown s c h e m a t i c a l l y  above w i th  the  u s u a l  
n o t a t i o n .  The t r a n s i t i o n  p r o b a b i l i t i e s  i n c lu d e  bo th  r a d i a t i v e  and non- 
r a d i a t i v e  p r o c e s s e s .  S t a r t i n g  w i th  an i n i t i a l  p o p u l a t i o n  N^° and 
the  r e l a x a t i o n  p r o c e s s  i s  d e s c r i b e d  by the  fo l low ing  r a t e  e q u a t i o n s :
dN,
= - P N 3 + P23 n 2
dN
= P32 N3 " “  N2 ( 3 ‘ 7)
where a  -  P23 +  P21
13 P32 H P31
The s o l u t i o n s  are
„  ( t )  W3 P23 V  | « 3 " ,  P , 3 s 2t
3 S1 -  *2 S2 '  S1
N?° ( s  +P)+ N°p s t  N ° ( s  +P)+ N °p B t
N ( t )  = - 2----- 2-----  e 1 + ----- 2---------- 2—^  e 2 (3.
S1 “ S2 S2 " S1
where s i  t a .  o n  m  .  \  J / 21 , 2  2 {-(a  + (3) ±  t ( a  + p ) z -  4(ap -  P32P23) ] j
P a r t i c u l a r  case  1: Leve ls  2 and 3 s t r o n g l y  coup led  by r a d i a t i o n l e s s
p ro ce s s  •
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P32 , P23 »  P21, P31
„ f , P 23(K3 + 7  > - „ t  P 23>b '  » 3 *NA t )  ~  ~ t  e " 77^ e
P o c  P 23  P3 2
where
P23 + P32
P3 2 ' H2° ' - < )
P23 + P32
P21P32 ' ’ P31P?3
N ( t )
2 Po^ P-v> P 23  P 3 2
P32N3 - p«  7  e - ( ', 23+P32) t
( 3 .9 )
+
"32 P23
Since  r a d i a t i o n l e s s  p r o c e s s e s  are  e x t r e m e ly  r a p i d ,  thermodynamical  
e q u i l i b r i u m  i s  e s t a b l i s h e d  ve ry  f a s t ,  r e s u l t i n g  in  a Boltzmann d i s t r i b u t i o n  
o f  p o p u l a t i o n  in  l e v e l s  2 and 3:
AE,,„
N 0 p -  — ”
_X_ ~  £23 = e kT
n 2° ~  P32
Hence ( 3 .9 )  become
N3( t )  = N3° e “p t
N2( t )  = N2° e "p t  (3 .10 )
I t  f o l l o w s  t h a t  f l u o r e s c e n c e  a r i s i n g  from t h e s e  two l e v e l s  have a common 
decay c o n s t a n t .  In  o t h e r  words,  f l u o r e s c e n c e  l i n e s  w i th  t h e  same decay 
c o n s t a n t  need n o t  come from th e  same l e v e l .
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Case 2
t> 0 •23 ~
o " ( P3?+ p 31^fc N3(t;) = N3° e 32 31
N 0 t- N° "^P32+P31^t“P o i fc e
N ( t )  = (N + --------------  ) e  2 -  ~ 32.. 1 t -------------------
P32 P3 l " P21 P32 P31 " P21
( 3 . U )
A f l u o r e s c e n c e  l i n e  from l e v e l  3 has a pure e x p o n e n t i a l  decay,  w h i l e  a 
l i n e  from l e v e l  2 decays w i th  a t ime dependence c o n s i s t i n g  o f  t h e  s u p e r ­
p o s i t i o n  o f  two e x p o n e n t i a l s .
Case 3
D D /•s-' 0 *
23 ~  32 ~
- p „ t
N3( t )  = N3° e
N2( t > = N2° e ?21 (3 .1 2 )
I t  i s  obvious  t h a t  when th e  two m e t a s t a b l e  l e v e l s  a re  c om p le te ly  d i s c o n n e c t e d ,  
each l i n e  decays w i th  t h e  c h a r a c t e r i s t i c  t ime c o n s t a n t  o f  t h e  l e v e l  from 
which i t  o r i g i n a t e s .
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CHAPTER IV. THERMOLUMINESCENCE 
From a thermodynamical p o i n t  o f  view,  a p e r f e c t  c r y s t a l  has  
a ve ry  low p r o b a b i l i t y  o f  e x i s t e n c e  a t  a f i n i t e  t e m p e ra t u re .  A c e r t a i n  
amount o f  d e f e c t s  has to  be i n  e q u i l i b r i u m  w i th  t h e  o th e r w i s e  p e r f e c t  
c r y s t a l  i n  o r d e r  t h a t  the  f r e e  energy  o f  the  whole system be a minimum.
Two common types  o f  c r y s t a l  d e f e c t s  are  v a c a n c i e s  and i n t e r s t i t i a l s .  I n  . 
t h e  v i c i n i t y  o f  the  d e f e c t ,  say ,  a vacancy ,  the  absence o f  an io n  c r e a t e s  
a p o t e n t i a l  w e l l  which would t r a p  mobile  e l e c t r o n s  ( o r  h o l e s )  t h a t  come 
c l o s e .  These t r a p p e d  e l e c t r o n s  ( o r  h o l e s )  are  r e l e a s e d  by a supp ly  o f  
adequate  thermal  o r  photon ene rgy .  The mobile  e l e c t r o n s  and h o l e s  a re  
c r e a t e d  in  p a i r s  i n  the  i n t e r a c t i o n  o f  i o n i z i n g  r a d i a t i o n  w i t h  a c r y s t a l .  
To be s p e c i f i c ,  the ca se  o f  x - i r r a d i a t i o n  o f  r a r e - e a r t h  doped CaF^ w i l l  
be c o n s id e r e d .
When the  c r y s t a l  i s  x - i r r a d i a t e d  a t  low t e m p e r a t u r e ,  an 
e l e c t r o n  from a f l u o r i n e  ion  can be 'knocked '  o f f  l e a v in g  a h o l e  beh ind .
I f  t h e  f l u o r i n e  ion  i s  a l a t t i c e  i o n ,  i t  can be r e p r e s e n t e d  i n  t h e  band 
p i c t u r e  as l i f t i n g  an e l e c t r o n  from the  v a le n c e  band.  I f  t h e  f l u o r i n e  
ion i s  an i n t e r s t i t i a l  one ,  i t  can be r e p r e s e n t e d  as removing th e  e l e c t r o n  
from a l o c a l i z e d  l e v e l  s l i g h t l y  above the  v a le n c e  band,  s in c e  i t  r e q u i r e s  
a l i t t l e  l e s s  energy  to s t r i p  the e l e c t r o n  from an i n t e r s t i t i a l  f l u o r i n e  
ion  than  from one a t  a l a t t i c e  s i t e .  The e l e c t r o n  and h o l e  p a i r  can 
e i t h e r  recombine immediately o r  wander  a p a r t .  I n  the  l a t t e r  c a s e ,  the
~?7-
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e l e c t r o n  may e i t h e r  f i n d  a no the r  ho le  f o r  r e c om bina t ion ,  o r  be t r a p p e d  
( i n  which case  the  energy  i s  s t o r e d  i n  the  c r y s t a l ) . The ho le  behaves 
i n  an analogous way.
Conduct ion Band
E l e c t r o n  t r a p s
Hole t r a p s
wO'
Valence Band
Since  the  t r i v a l e n t  r a r e - e a r t h  i n c o r p o r a t e d  in  CaF i s  c a p a b le  o f  be ing 
reduced to the  d i v a l e n t  s t a t e ,  i t  behaves as an e l e c t r o n  t r a p .  Thus
f " x ~r a y f
3+ , - 2+EE + e _  RE
F + F -> h o le  c e n t r e  (^  ) .
0 - 0
Upon warming up th e  c r y s t a l ,  t h e  ho le  c e n t r e  i s  r e l e a s e d  and i s  a b le  to
23-meet a RE ion from which i t  c a p t u r e s  an e l e c t r o n .  The ho le  c e n t r e  
then  i s  annealed w h i le  the  r a r e - e a r t h  i s  o x i d i z e d  back to  an e x c i t e d  
t r i v a l e n t  s t a t e .  Upon r e l a x a t i o n  the  c h a r a c t e r i s t i c  r a d i a t i o n  o f  the
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3+RE i s  e m i t t e d .  Thus
ho le  c e n t r e  +  RE^ -* F ' + F + RE^ ( e x c i t e d )
RE^ ( e x c i t e d )  RE^+ + hv
(4 -2 )
The i n t e n s i t y  o f  t h i s  emiss io n  depends n a t u r a l l y  on the  r a t e
at  which the  hole  c e n t r e s  a re  r e l e a s e d .  The e x i s t e n c e  o f  more than  one
glow peak i n  thermo luminescence l eads  to the  c o n c lu s i o n  t h a t  more than
one type  o f  ho le  c e n t r e s ,  w i t h  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  a re  p r e s e n t .
The n a t u r e  o f  t h e s e  d i f f e r e n t  types  o f  h o l e  c e n t r e s  in  CaF^ i s  s t i l l  no t
we l l  u n d e r s to o d .  Only one t y p e ,  v i z . ,  the  V c e n t r e ,  i s  p o s i t i v e l y  
(2 3^
i d e n t i f i e d ^  . I t  i s  formed o f  two atoms o f  f l u o r i n e  s h a r in g  one
e l e c t r o n ,  l i k e  a F m olecu le .  The a x i s  o f  the  'm o le c u le '  l i e s  a long the L i
edge o f  the  cube o f  t h e  f l u o r i n e  s u b - l a t t i c e .
r  9
m o l e c u l e
At low t e m p e ra t u re ,  the  ' hopp ing '  motion o f  the  c e n t r e  i s  l i m i t e d  to
one dimension along i t s  a x i s .  At about  130°K. ,  the  c e n t r e  has  a p p a r e n t l y  
enough energy to d i f f u s e  i n  a l l  d i r e c t i o n s  and may combine w i th  an e l e c t r o n  
t r a p .
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The s p l i t t i n g  p a t t e r n  o f  the  emiss io n  r e p r e s e n t e d  by ( 4 .2 )
3 + .
depends on the  symmetry the RE ( e x c i t e d )  has du r in g  th e  a n n i h i l a t i o n  
o f  the  ho le  c e n t r e .  For i n s t a n c e ,  i f  the  c e n t r e  ends up as an i n t e r s t i t i a l  
ion  a d j a c e n t  to the  r a r e - e a r t h ,  the  l a t t e r  has  a su r round ing  w i th  t e t r a ­
gonal  symmetry. I f ,  on the  o t h e r  hand,  the  c e n t r e  g a i n s  back i t s  e l e c t r o n  
and ends up as a charge  compensator  f a r  away from the  r a r e - e a r t h ,  then  
the  l a t t e r  remains i n  an e s s e n t i a l l y  cub ic  env ironment .  Of c o u r s e ,  t h e r e  
i s  every  p o s s i b i l i t y  t h a t  d i f f e r e n t  r a r e - e a r t h  i o n s  i n  the  sample have 
d i f f e r e n t  symmetries  a t  the  same t im e ,  which,  u n f o r t u n a t e l y ,  c o m p l ic a t e s  
the  i n t e r p r e t a t i o n ,  i f  n o t  making i t  i m p o s s ib l e .
As a complementary s tudy  to  e l u c i d a t e  the  n a t u r e  o f  t h e s e
( 4 )
luminescence c e n t r e s ,  the  method o f  ' r e - e x c i t a t i o n 1 can be a p p l i e d  . 
B a s i c a l l y ,  t h e  c r y s t a l  i s  f i r s t  x - i r r a d i a t e d  a t  a h i g h e r  t e m p e r a t u r e ,  say ,  
room t e m p e ra t u re ,  and then c oo le d  down to l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  
say .  I f ,  a t  t h i s  s t a g e ,  t h e  sample i s  warmed up,  the  'n o rm a l '  thermolumi­
nescence  glow peaks w i l l  n o t  appear  u n t i l  the  t em p e ra tu re  i s  above t h a t  
a t  which the  sample i s  i r r a d i a t e d .  This  i s  a t t r i b u t e d  to the  f a c t  t h a t  
i r r a d i a t i o n  a t  h igh  t em p e ra tu re  r e s u l t s  i n  t h e  f i l l i n g  o f  r e l a t i v e l y  
' d e e p '  t r a p s ,  which are  r e l e a s e d  on ly  a t  s t i l l  h i g h e r  t e m p e r a t u r e s .  I f  
th e  sample i s  exposed to a s h o r t  b u r s t  o f  u l t r a v i o l e t  l i g h t  b e fo r e  be ing  
warmed up, most o f  the  normal  glow peaks can be r e g a i n e d .  The u l t r a v i o l e t  
l i g h t  s e rv e s  to r e l e a s e  some o f  the  deeply  t r a p p e d  h o l e s  ( o r  e l e c t r o n s )  
and r e d i s t r i b u t e  them i n to  some o f  the  sh a l lo w e r  t r a p s ,  b e fo r e  the  w arn ing .  
The e f f i c i e n c y  o f  ' e x c i t i n g '  the  low t em pera tu re  peaks seems to depend on 
the  frequency  o f  the  u l t r a v i o l e t  l i g h t  employed.  I t  may se rve  as an
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i n d i c a t o r  o f  the  t r a p  dep ths  a n d /o r  the  amount o f  r e t r a p p i n g ,  as w e l l  as 
the n a tu r e  o f  the  t r a ppe d  s p e c i e s ,  i . e .  e l e c t r o n s  o r  h o l e s .
9
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CHAPTER V. EXPERIMENTAL
A. C r y s t a l  Samples
The c r y s t a l s  used  th roughou t  t h i s  i n v e s t i g a t i o n  were o b t a i n e d  
from Harsh aw Chemical Co. The dopant  c o n c e n t r a t i o n  was about  0 . 1 ^ .  The 
samples were c l e a v e d  o r  c u t  and p o l i s h e d  i n t o  t h i n  s l a b s  o f  about  1x5x5 mm. 
and mounted on the  c o ld  f i n g e r  o f  a vacuum c r y o s t a t  (custom made by the  
Andonian A s s o c ia t e s  I n c . ) .  For  h e a t  t r e a t m e n t ,  the  sample was pu t  i n  an 
open p o r c e l a i n  c r u c i b l e  and h e a t e d  in  an oven.  The t em pe ra tu re  o f  the  
oven was r a i s e d  to 900°C. o r  1000°C. in  t h r e e . t o  f o u r  hours  and m a in ta in e d  
t h e r e a b o u t  f o r  one hour .  Some f i v e  to s i x  hours  were a l lowed f o r  the  
sample to coo l  to room tem pera tu re  a f t e r  h e a t i n g .
3+
B. F luo re sc e nce  and E x c i t a t i o n  S p e c t r a  o f  CaF^Dy
The exp e r im e n ta l  s e t  up was as shown s c h e m e t i c a l l y  i n  F ig .
J..
5 .1 .  The d e t e c t o r  used was an RCA 1P28 p h o t o m u l t i p l i e r .  The s p e c t r o -
f 4* 6 \graph was s e t  to  pass  ye l low ( .corresponding to Y ^ j ^  -  ^ 5 /2  t r a n s i t:i-on )
e m is s io n .  For  r e c o rd ing  the  two emiss io n  s p e c t r a ,  the  d e t e c t o r  was
r e p l a c e d  by a camera® Kodak I ' r i -X  and Kodak S p e c t r o s c o p ic  f i l m  type
130a-0 r e s p e c t i v e l y  were used  f o r  the  ye l low and b lu e  r e g i o n s .  For
r ec o rd in g  the  e x c i t a t i o n  s p e c t r a ,  the  monochromator was d r iv e n  by a motor  
kk
f o r  scanning  w h i le  the  ye l l ow  ( o r  b lue )  e m iss ion  was m o n i to re d .  The 
k
Spectral ,  r esponse  c h a r a c t e r i s t i c  S5. 
kk
The motor  speed was 1 r . p .m ,  and was slow enough f o r  the  r e c o r d in g  system 
which has a response  t ime o f  0 . 2  s e c .  Backlash  o f  the  monochromator was 
n e g l i g i b ] e .
-42-













F i g .  5 . 1 .  Exper im enta l  s e t  up f o r  f l u o r e s c e n c e  and e x c i t a t i o n  measurements .
S= 1 kW xenon a rc  lamp, = q u a r t z  l e n s e s ,  M = double  monochromator
C = c r y s t a l  i n  c r y o s t a t ,  G = s p e c t r o g r a p h ,  D = d e t e c t o r ,  R = r e c o r d e r .
44
o u t p u t  o f  the  p h o t o m u l t i p l i e r  was fed  to  a K e i th l e y  610 e l e c t r o m e t e r  and 
then  to a P h i l i p s  8100 s t r i p  c h a r t  r e c o r d e r .
F ig .  5 . 2 .  shows the  e x c i t a t i o n  spectrum i n  which the  ye l low 
emiss io n  was m on i to red .  A f t e r  h e a t  t r e a t i n g  th e  c r y s t a l  to 900°C. ,  t h e
spectrum was m od i f ie d  to t h a t  shown in  F ig .  5 . 3 .  As th e  i n t e n s i t y  o f
emiss io n  a f t e r  h e a t  t r e a tm e n t  i n c r e a s e d  about  f i v e  f o l d s ,  a n a r row er  s l i t  
w id th  cou ld  be used r e s u l t i n g  i n  b e t t e r  r e s o l u t i o n .  E s s e n t i a l l y  the  same 
spectrum was o b t a i n e d  by m on i to r ing  in  t h e  b lue  e m is s ion  i n s t e a d  o f  the 
yel low^
F i g .  5 . 4 .  to 5 . 7 .  a re  luminescence s p e c t r a  o b t a i n e d  by 
i l l u m i n a t i n g  i n t o  one o f  the  s t r o n g  e x c i t a t i o n  peaks o f  the  e x c i t a t i o n  
s p e c t r a .
3+ 3'FC, Decay Time Measurements i n  the  CaF^Dy and C a F ^ b o  Systems
The exp e r im e n ta l  s e t  up i s  shown scheme t i c  a l l y  in  F i g .  5 . 8 .
The power o f  the  Q-swi tched ruby l a s e r  was about h a l f  megawatt ( p u l s e
d u r a t i o n  about  5x10  ^ s e c . ) .  The f i r i n g  r a t e  was once every  90 s e c .  A 
small  p o r t i o n  o f  the  l a s e r  beam was monito red  th rough  a beam s p l i t t e r  by 
an RCA 925 pho to tube  whose o u t p u t  was fed  to one o f  the  two beams o f  a 
T e k t ron ix  555 o s c i l l o s c o p e .  The small  He-Ne gas  l a s e r  shown i n  the  
f i g u r e  was used f o r  a l ignment  p u r p o se s .  The d e t e c t o r  was an RCA 1P28 
p h o t o m u l t i p l i e r  coo led  by l i q u i d  a i r .  The da rk  c u r r e n t  has  been reduced 
by almost  two o r d e r s  of  magni tude by the  c o o l i n g .
The c r y s t a l  was f i r s t  x - i r r a d i a t e d  a t  l i q u i d  n i t r o g e n  
t em pera tu re  f o r  90 m inu te s ,  u s ing  a copper  t a r g e t  x - r a y  tube o p e r a t i n g  at
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50 KV and 14 mA. A fter  being removed from the x -ra y  sou rce , the sample
decayed spontaneously em ittin g  a very weak phosphorescence, which .was
ju s t  d e te c ta b le  by the system  usin g  maximum a m p lif ic a t io n .
F ig s . 5«.9a and b show m icrodensitom eter tr a c e s  o f  the
spontaneous decay sp ec tra  a t con stan t ( l iq u id  n itro g en ) tem perature by
p u ttin g  the c r y o s ta t  d ir e c t ly  in  fro n t o f  the spectrograph and exposing
fo r  two hou rs. ^
The la s e r  l ig h t  was focu sed  s l i g h t ly  in  fro n t o f  the fr e s h ly
x - ir r a d ia te d  sample to  avoid any damage by con cen tra ted  h e a t in g . As
th e la s e r  l ig h t  h i t  the c r y s t a l ,  the phosphorescence was much enhanced.
The s ig n a l from the p h o to m u ltip lier  was fed  d ir e c t ly  to the o th er  beam
o f  the o s c i l lo s c o p e .  The two beams were synchronized and tr ig g e re d  by
the la s e r  m onitor. The tr a c e s  were photographed and the decay time 
*
m easured. About twenty photographs were taken fo r  the s tr o n g e s t  peak 
in  each group and the decay time averaged.
»
'' By scanning the monochromator, a s p e c tr a l d is tr ib u t io n  o f  the
s ig n a l am plitudes was o b ta in ed . F ig s . 5 .1 0 . -  5 .1 3 . are such sp e c tr a l  
d is tr ib u t io n s  and F ig s . 5..14. -  5 .1 5 . are ty p ic a l  o sc illo g r a m s o f  the
3+
enhanced phosphorescence decay fo r  CaF^Dy . F ig s .  5 .1 6 . -  5 .2 6 . are
3+s im ila r  r e s u lt s  fo r  CaF^Ho .
An e f f o r t  has been made to determ ine the decay tim e at 
d if f e r e n t  tem peratures. S in ce  i t  was not p r a c tic a b le  to x - ir r a d ia te  the  
c r y s ta l  u sing  l iq u id  helium  as cryogen , the x - ir r a d ia t io n  was s t i l l  done 
at l iq u id  n itro g en  tem perature, and the sample subsequently  co o led  down 
fu rth er  by l iq u id  helium . At the end o f  a run, the sample was allow ed
*
By s e t t in g  the monochromator to  pass some s c a tte r e d  la s e r  l ig h t  the d e te c tin g  
system  was found to be u se fu l up to  the 10"? s e c .  range.
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to warm up s lowly to  room tem pe ra tu re  and the  decay cu rv e s  t a k e n .  Table  
5 .1  and 5 .2  are summary o f  the  decay t im es  measured under  d i f f e r e n t  
c o n d i t i o n s .  At p r e s e n t ,  t h e r e  i s  no thermometer  a v a i l a b l e  i n  t h i s  
l a b o r a t o r y  to measure t em p e ra tu re s  below 77°K. A rough e s t i m a t e  of  
the  sample t em pera tu re  was made as the  l i n e  w id th  na rrowed.
3 4 -
TABLE 5 . 1 .  DECAY TIMES OF CaF :Dy
Wavenumber 
(103 cm"l)
Decay Ti.meV'( 10"3s e c O
T r a n s i t i o n Temperature Before Heat 
Treatment
A f t e r  Heat 
Treatment
6U
‘ 9 /2  ‘ 15/2 20.8 1 ! JA.
'N r  
•J # J
0 **  20 K 4.5
20.1 77°K ■ 2.5 1 .6
4F _  6h 
9/2  13/2 17.2
77°K 2.5 ■ 1.6
20° K 1.4
* E r r o r  = +  10$
** Rough e s t i m a t e  based  on na rrowing o f  l i n e  w id th ,  see F i g .  5 .2 7 .
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WAVELENGTH ( & )
F i g .  5 . 4 . L u m in e s c en ce  s p e c t r u m  o f  CaF^:Dj'>+ a t  77°K b e f o r e  
h e a t  t r e a t m e n t .












WAVELENGTH ( & )
3+ oF i g .  5-5 L u m in es c e n ce  s p e c t r u m  o f  CaF^jDy a t  77 K 
b e f o r e  h e a t  t r e a t m e n t .
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3+  Q
P i g .  5*6 L um in esc en c e  s p e c t r u m  o f  CaFgsBy a t  77 K a f t e r  h e a t  t r e a t m e n t .






3+ oF i g .  5*7 L um in esc e n ce  s p e c t r u m  o f  CaF^sDy a t  77 X a f t e r  h e a t  t r e a t m e n t .
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P i g .  5*9* C o n s t a n t  t e m p e r a t u r e  o h o s o h o r e s c e n c e  o f  
( a )  CaF2 :D.y5+ and ( b )  CaF2 ;Ho5 + .
X i s  th e  5460 2 m ercury l i n e .
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F i g .  5 * 1 3 .  S p e c t r a l  d i s t r i b u t i o n  o f  e n h a n c e d  p h o s p h o r e s c e n c e
,3+o f  CaF^xDy a f t e r  h e a t  t r e a t m e n t ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
F ig .  5
F ig .
+|
,14 Enhanced phosphorescence decay o f  CaF^lDy^^ 
be fo re  h e a t  t r e a t m e n t .  '
, '  t  «5
I-
O . t  x 1.0 -%ec„
ij 63,15 Enhanced phosphorescence  decay o f  CaF^:Dy ( J'F(^ y0 to  
a f t e r  he a t  t r e a t m e n t .



















.1 6  S p e c tr a l  d i s t r i b u t io n  o f  a m p litu d e s  o f  enhanced
p h o sp h o rescen ce  o f  CaF2 tHo^+ b e fo r e  h e a t t r e a tm e n t .  
( 5F4 , 5S2 to  5I S )
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WAVELENGTH (A)
S p e c tr a l  d i s t r i b u t io n  o f  a m p litu d e s  o f  enhanced
.3+p h o sp h o rescen ce  o f  CaF2 *Ho' 
;2 to  5I 8 :
a f t e r  h ea t tre a tm e n t,
( 5 f 4 , 5 S CJ f t )


















5 . 1 8  S p e c t r a l  d i s t r i b u t io n  o f  a m p litu d e s  o f  enhanced
p h o sp h o rescen ce  o f  CaF2 :Ho^+ a f t e r  h e a t tr e a tm e n t .
( 5Ke t o 5 i 6 ) .








F i g .  5*1 9 S p e c t r a l  d i s t r i b u t i o n  o f  a m p l i t u d e s  o f
^ H*e n h a n c ed  p h o s p h o r e s c e n c e  o f  CaFgsHo
. b e f o r e  h e a t  t r e a t m e n t .  t o  ^ I „ )
5 8 '

















F i g .  5 . 2 0  S p e c t r a l  d i s t r i b u t i o n  o f  a m p l i t u d e s  o f  enhanced
p h o s p h o r e s c e n c e  o f  CaF2 :Ho^+ a f t e r  h e a t  t r e a t m e n t .
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5 - 2 1  S p e c t r a l  d i s t r i b u t i o n  o f  a m p l i t u d e s  o f  enhanced
p h o s p h o r e s c e n c e  o f  CaF2  :Ho^+ b e f o r e  h e a t  t r e a t m e n t  .

















P i g .  5 . 2 2  S p e c t r a l  d i s t r i b u t i o n  o f  a m p l i t u d e s  o f  en hanced  
p h o s p h o r e s c e n c e  o f ' CaF2 :Ho^+ a f t e r  h e a t  t r e a t m e n t
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0 , 5  x 10 sec ,
■ 3 +  5 5 5 csF ig ,  5*23 Enhanced phosphorescence  decay o£ CaF^ :Ho ( t o  ^g +
be fo re  h e a t  t r e a t m e n t .
h  -H
2 0  X l o " 6  s e c ,
3 +  5 5 5 \Fig ,  5 ,24 Enhanced phosphorescence  decay o f  CaF^:Ho- ( S2 t 0  "^8 
a f t e r  he a t  t r e a t m e n t .
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Fig. 5
F i g ,
3 + 5  5-25 Enhanced phosphorescence  decay of  CaF^:Ho ( to  l g )  
b e fo re  h e a t  t r e a t m e n t .
ft *
I?
+ + -H - -H-
(*+'• -H-H- -H -H - ++++ ++++ -H H -f -H ~ H - -H -+ + -H -
i ......
5 x 10 ^ s e c .
o-f r: ' c
5.26 Enhanced phosphorescence  decay of  CaF :Ho ( ' G'  t o l d )Z S o
a f t e r  heat  t r e a tm e n t .

















F i g .  5 * 2 7  S p e c t r a l  d i s t r i b u t i o n  o f  l a s e r  e n h a n c e d  p h o s p h o r e s c e n c e
3 +
hi o f  CaFg : Dy .
S o l i d  c u r v e :  7 7 ° K
Dashed c u r v e :  e s t i m a t e d  t o  be a b o u t  20 K.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
TABLE 5 . 2 .  DECAY TIMES OF CaF2 :IIo3+ a t  77°K
Upper Level 
o f







( lO cm ■*■)
18 .4 21.6 24.3 27.8
Decay Time 
( l 0 ~ 3 sec.) 1.1 0 .35 0 .31
Decay Time 
A f t e r  Heat 
Treatment  
(10 ”  ^s e c ,)
26 7.1 23 10
In o r d e r  to  e s t a b l i s h  t h e  n a t u r e  o f  t h e  p r o c e s s  i n v o lv e d  in  
the  a b s o r p t io n  o f  the  l a s e r  f l u x ,  on ly  t h e  i n t e n s i t y  o f  the  i n c i d e n t  
l a s e r  beam was v a r i e d  (by u s ing  f i l t e r s ) ,  and the  ampli tude  o f  the  
em iss ion  from a f i x e d  peak m on i to re d .  The r e s u l t  i s  p r e s e n t e d  i n  F ig .  
5 .2 8 .  A g r e a t e r  u n c e r t a i n t y  was in v o lv e d  i n  t h e  low i n t e n s i t y  end because  
o f  the  much weaker  s i g n a l .
As a check ,  the  monochromator  was' r e p l a c e d  by the  s p e c t r o g ra p h  
used i n  p a r t  B, and the  d e t e c t o r  r e p l a c e d  the  camera.  Using the  h e a t e d
3 -1-
sample o f  CaF :Dy , a spectrum was o b t a i n e d  by f i r i n g  t h e  l a s e r  f o r t y  
t im es ;  F ig ,  5 .29 .

















Line  o f ,  
slope 2 /
Line of unit s lope
o
Log (laser intensity)
F i g .  5*28 A m p l i t u d e  o f  e n h a n c e d  p h o s p h o r e s c e n c e  o f  u n h e a t e d
5 +CaPgsKo a s  a  f u n c t i o n  o f  l a s e r  i n t e n s i t y .
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t  0,5
5800  ' "~J 5 9 0 0
WAVELENGTH (A)
Fi<e. 0 . 2 9 .  2 o c - c t r u n  o f  l a s e r  e n h a n c e d  phoeroi . i r . raace; ;ce
a .}.
o f  d a m  a f t e r  n e a t  t r e a t e e n ,
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3+D. Thermo luminescence o f  CaF :Dy
The procedure  o f  talcing glow curves  and s p e c t r a  a t  d i f f e r e n t  
glow peaks was s i m i l a r  to t h a t  d e s c r i b e d  i n  r e f .  2 . F i g .  5 .3 0 .  shows 
the  glow cu rves  b e f o r e  and a f t e r  h e a t  t r e a t m e n t .  The h e a t i n g  r a t e  was 
about  11 degress  p e r  m in u te .  F ig .  5 .31 to 5 .3 4 .  a re  the  thermo luminescence 
s p e c t r a .
3+ 3+
E. R e - e x c i t a t i o n  experiment  on the  systems CaF^tGd and CaF^iCe
The sample was f i r s t  x - i r r a d i a t e d  a t  room tem p e ra tu re  and 
th e n  c oo le d  down to l i q u i d  n i t r o g e n  t em p e ra tu re  w h i l e  s t i l l  be ing  k e p t  
i n  d a rk n e s s .  I t  was then  exposed to  u l t r a v i o l e t  ( o r  v i s i b l e )  l i g h t  
from a xenon arc  lamp monochromator combina t ion f o r  t e n  m in u te s ,  a f t e r  
which a glow curve  was t ak e n .  F i g .  5 .35  shows a ' r e g u l a r '  thermolum­
in es c e n ce  glow curve  and two ' r e - e x c i t a t i o n '  glow cu rv e s  u s ing  two 
d i f f e r e n t  r e - e x c i t a t i o n  photon e n e r g i e s .  A f t e r  two o r  t h r e e  c y c l e s  o f  
x - i r r a d i a t i o n ,  c o o l i n g  and warming, the  sample was h e a t e d  on a no t  p l a t e  
u n t i l  t h e  c o l o u r  d i sa p p e a re d  b e fo r e  f u r t h e r  x - i r r a d i a t i o n .  Table  5 .3
summaries the  r e l a t i v e  glow peak h e i g h t s  u s in g  d i f f e r e n t  photon e n e r g i e s
3~bf o r  r e - e x c i t a t i o n  o f  the  system CaF :Gd . P a r t  o f  t h i s  r e s u l t  i s  p r e s e n t e d  
aga in  i n  f i g .  5 .36  (c)  t o g e t h e r  w i th  r e - t r a c e s  o f  a b s o r p t i o n  s p e c t r a
t ake n  w i th  a Cary 14 S pe c t ropho tom e te r ,  f i g .  5 .36  ( a , b ) .
3+The system CaF^iCe was t r e a t e d  in  a s i m i l a r  manner and 
th e  r e s u l t  i s  p r e s e n t e d  i n  f i g .  5 .3 7 .

















30 Th e rmo 1 urn i  n ee s c e n c e  g l o w  c u r v e s  o f  CaF^: Dy3+
(a )  b e f o r e  h e a t  t r e a t m e n t  (b )  a f t e r  h e a t  t r e a t m e n t .
















F i g .  5*51•  T h e r m o l u m i n e s c e n c e  s p e c t r u m  o f  CaF0 :Dy
4900 5000
b e f o r e
h e a t  t r e a t m e n t .















0 5700 5800 5900
WAVELENGTH (A)
F i g .  5 * 3 2  T h e r m o l u r n i n e s c e n c e  s p e c t r u m  o f  CaF0 : D.y'' b e f o r e
64h e a t  t r e a t m e n t .  ( F9 / 2 to  H1 3 / ; )

















F i g .  5 .5 3  The rm o lu rn inescence  s p e c t r u m  o f  CaF^Dy^"1" a f t e r  h e a t
t r e a t m e n t .  ( ^ 15/ 2 ^


















P i g .  5*34 Therm olurn inescence  s p e c t r u m  o f  CaF^iD.y a f t e r  h e a t  
t r e a t m e n t .  ( ^ 9 / 2  ^ 1 3 / 2 '
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Table  5 .3  R e l a t i v e  Peak He igh ts  o f  R e - e x c i t a t i o n
Glow Curves Using D i f f e r e n t  Photon E n e r g i e s .
\. Peak 
W a v e - \  number 
l e n g t h \
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3 0 0 0
-fO a f . . ;  f a ' ”  .  ( a )  r e l a t i v e  a b s o r b a n c e  a f t e r  r e - o x o i t a t i o a  a o _ '
v / i t h  5 6 O  O k ,  (  b  )  a f t e r  r e  ~  e x c i t a i  f a s  ; r i l h  f f f O A :  
i c ) f c l a h t  o f  000k IV.'
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2 800  3600
o
: l e n g t h  (A)
Fig* 5.38  R e - e x c i t a t i o n  peak h e i g h t s  f o r  CaF9 : C e ^
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CHAPTER VI. RESULTS AND DISCUSSION
A. Heat  Treatment  o f  Samples
Various  a s p e c t s  o f  t h e  e x p e r im e n ta l  r e s u l t  i n d i c a t e  t h a t  
our  s t a r t i n g  c r y s t a l  sample c o n t a i n s  a m ix tu re  o f  luminescence c e n t r e s  
o f  d i f f e r e n t  symmetr ies .  The h e a t i n g  i n  open a i r  a l t e r s  the  p r o p o r t i o n  
o f  t h e s e  c e n t r e s  i n  the  f o l l o w in g  way: as ment ioned on page 22,
the  r a r e - e a r t h  ion  ' s e e s '  an e s s e n t i a l l y  cub ic  s u r round ing  when the  
c ha rge  compensator  i s  f a r  away. At the  s t a r t  o f  t h e  h e a t  t r e a t m e n t ,  
w a te r  m olecu le s  ( i n  the  a i r )  d i s s o c i a t e :
H20 <-> H+ + OH"
The hydroxy l  ion  d i f f u s e s  i n t o  t h e  s u r f a c e  o f  the  c r y s t a l  by d i s p l a c i n g  
o t h e r  f l u o r i n e  i o n s ,  which combine w i th  t h e  hydrogen and escape :
+
H + F -) HF ( e s c a p e s ) .
Meanwhile the  OH ion  m ig r a t e s  i n t o  the  i n t e r i o r  o f  t h e  c r y s t a l  by 
d i s p l a c i n g  o t h e r  f l u o r i n e  i ons  i n  s t e p s .  When i t  o c c u p ie s  a n e a r e s t  
ne ighbou r  ( t o  the  r a r e - e a r t h  ion)  f l u o r i n e  l a t t i c e  s i t e ,  t he  p o i n t  
symmetry o f  the  r a r e - e a r t h  changes from cub ic  to  t r i g o n a l  (C^v ) * ^
the  f l u o r i n e  ion  d i s p l a c e d  by the  OH ion  was o r i g i n a l l y  occupying an 
i n t e r s t i t i a l  s i t e  n e a r e s t  to the  r a r e - e a r t h ,  then the  o r i g i n a l  t e t r a ­
gonal  p o i n t  symmetry (C^v ) becomes t e t r a g o n a l  o f  a d i f f e r e n t  n a t u r e  as
-84 -
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the  OH and the F are d i f f e r e n t  io n s .
As the heating  process  goes on, at h igher  temperature and/or  
for  longer tim e, or both, the hydroxyl ion  decomposes, leav in g  an oxygen 
ion  at the f lu o r in e  l a t t i c e  in  the c r y s t a l  matrix:
OH O'" + H+ .
Sym b o lica l ly ,  we have
S ta r t in g  S i t e  
Symmetry
'4v
F ir s t  Stage  
o f  Heating
V
c 4 ;
Later Stage  
o f  Heating
C3v
s;
Within t h i s  model, the heat treatment i s  to produce te tr a g o n a l  and t r i ­
gonal s i t e s  at the expense o f  cubic  s i t e s .  We expect  the process  o f  
d i f f u s io n  o f  the OH and 0 ion s  from the surface  o f  the c r y s t a l  in to  
the i n t e r i o r  to be a slow one, so th a t  the con cen tra t ion  o f  OH and 0 
ions  decrease gradually  from the surface  towards the cen tre  o f  a 









Oa b c d
D istance from surface  o f  c r y s t a l .
F ig . 6 .1  Schemetic diagram o f  d i f f u s io n  o f  ions  in to  c r y s t a l .
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3 +I n  t h e  p r e s e n t  work w i th  the  system C a F ^ r D y  , a c r y s t a l
sample o f  4 mm. t h i c k  was h e a t e d  and then c u t  i n t o  t h i n  s l a b s  p a r a l l e l
to the  f l a t  s u r f a c e s .  There was l i t t l e  d i f f e r e n c e  between t h e  r e s u l t s
o b t a i n e d  from the  d i f f e r e n t  s l a b s .  Th is  shows a s o r t  o f  s a t u r a t i o n
under  such h e a t i n g  c o n d i t i o n s  and sample d imens ions .  As i l l u s t r a t e d
in  f i g .  6 . 1 ,  the  d i f f e r e n c e  i n  c o n c e n t r a t i o n  o f  low symmetry s i t e s  i s
n o t  l a r g e  f o r  the  s l a b s  o - a  and a -b .
There  i s  a lso  t h e  a l t e r n a t i v e  o f  0 i ons  a t  the  s u r f a c e
d i f f u s i n g  i n t o  t h e  c r y s t a l ,  i n  which case  f o r  every  0 i o n ,  one l a t t i c e
F i s  r e p l a c e d  and a t  the  same t ime a f l u o r i n e  vacancy i s  c r e a t e d  to
p r e s e r v e  e l e c t r i c a l  n e u t r a l i t y .  Now the  f l u o r i n e  vacancy i s  mobile  and
may recombine w i th  any i n t e r s t i t i a l  F as i t  moves a long .  When the
recom bina t ion  t a k e s  p l ac e  a t  an i n t e r s t i t i a l  s i t e  n e a r e s t  to  a r a r e - e a r t h
ion  ( l o c a l l y  compensa ted) ,  t h e  cub ic  environment  o f  the  r a r e - e a r t h  i s  
( 2)r e s t o r e d  ' .  Thus t h e r e  i s  t h i s  p r o c e s s  competing w i th  the  a fo rem en t io ned  
o n e s .
3d"B. E x c i t a t i o n  S p e c t r a  o f  CaF^:Dy
4
At the  t ime o f  w r i t i n g ,  n o t  many l e v e l s  above F ^ ^  have been
(3)i d e n t i f i e d .  The l a b e l  used i n  f i g .  5 .2  i s  a f t e r  Dieke '  f o r  conven ience .  
Above 24000 cm  ^ t h e r e  i s  a h igh  d e n s i t y  o f  obse rved  energy  l e v e l s .  J  
mixing becomes im p o r ta n t  as the  e l e c t r o n i c  l e v e l s  a re  c l o s e  enough f o r  
s i g n i f i c a n t  i n t e r a c t i o n ^ . B e s id e s ,  t h e r e  i s  a l s o  t h e  p o s s i b i l i t y  
of  c o - e x i s t e n c e  of  luminescence c e n t r e s  w i th  environment  of  d i f f e r e n t  
p o i n t  symmetr ies .  Each type  o f  s i t e s  s p l i t s  a J  l e v e l  i n  a d i f f e r e n t  
way. But the  cen t re ,  o f  g r a v i t y  o f  S t a r k  components of  a g iven  J~m an i fo ld
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remains p r a c t i c a l l y  f i x e d .  I t  f o l low s  t h a t  t h e r e  w i l l  be an o v e r l a p
between two s e t s  o f  S t a r k  l i n e s  o f  the  same J  s p l i t  from s i t e s  o f
d i f f e r e n t  p o i n t  symmetr ies .  A ll  t h e s e  make i d e n t i f i c a t i o n  d i f f i c u l t
w i t h o u t  d e t a i l e d  c a l c u l a t i o n s .
The e x c i t a t i o n  spectrum i s  the  r e s u l t  o f  t h e  pump l i g h t
sending  the  atoms to  some e x c i t e d  s t a t e s  from which they cascade  down
4
to  one o f  the  f l u o r e s c e n t  l e v e l s ,  i n  t h i s  case  ^9/ 2 ' ^':ie term:i-n a t i nS
6
l e v e l  o f  t h e  f l u o r e s c e n c e  i s  the  ^ 3/2  m u3 t iP l e t s  ( t0 be j u s t i f i e d
l a t e r ) . The peaks i n  the  spectrum c o r r e spond  to  ene rgy  l e v e l s  h i g h e r
4 fthan  P ro v :*-ded t h a t  the  fo l l o w in g  o b s e r v a t i o n  i s  n o t e d :  the
e r r o r  i n v o lv e d  i s  o f  the  o r d e r  o f  50 to  100 cm  ^ i n  t h i s  s p e c t r a l  r ange j
6 -1  
the  ground s t a t e  ( ^ 5/2 manif ° l d )  s p re a ds  ove r  a few hundred cm , so
th e  p r e s e n t  experiment  cou ld  no t  t e l l  whether  the  atoms are  pumped from
the  lowes t  o r  h i g h e r  s u b - l e v e l s .
The e x p e r im e n ta l  r e s u l t s  compare q u i t e  s a t i s f a c t o r i l y  w i th
th o se  o f  D i e k e ^ ’ ^  and the  c a l c u l a t i o n  o f  C a m a l l  e t  a l . ^ ^ ,  w h i le
they  do no t  appear  to match those  c a l c u l a t e d  by W y b o u r n e ^ .  Th is  might
be due to some inadequacy  i n  the  wave f u n c t i o n s  used  by the  l a s t  a u th o r ,
(g\
as p o i n t e d  ou t  b e f o r e  by S c h l e s i n g e r  and Nerenberg ' .  I t  shou ld  be 
n o t e d ,  however , t h a t  t h e r e  remains s t i l l  some c o n t r o v e r s y  i n  the  a s s i g n -
(9)ment o f  some o f  t h e  h i g h e r  energy  l e v e l s  . I n  f i g .  6 . 2 ,  column (A) 
and (D) a re  t aken  from r e f .  3 and 7, r e s p e c t i v e l y  w h i l e  columns (B) and 
(C) a re  r e s u l t s  o f  the  p r e s e n t  work b e f o r e  and a f t e r  h e a t  t r e a t i n g  the  
’c r y s t a l  sample to .900°G.  r e s p e c t i v e l y .
The p r e s e n t  s p e c t r a  were taken  by m o n i to r in g  the  e m iss ion  
in  the  'yel low* (5600 to  6000 8.). B a s i c a l l y  the  same s p e c t r a  were
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7i g .  6 . 2  E n e r g y  l e v e l  d i a g r a m  o f  CaF^tDy '
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F i g .  6 . 2  ( c o n t d . )  E n e r g y  l e v e l  d i a g r a m  o f  CaF :D; 3+
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o b t a i n e d  by m on i to r ing  the  ' b l u e - g r e e n 1 emiss io n  (4650^. to  5000^)
4 6c o r r e s p o n d in g  to  the  t r a n s i t i o n  ^9 / 2  t0 ^ 15/ 2 * ^ i s  indeed  j u s t i f i e s
the  a s s e r t i o n  t h a t  the  ' y e l l o w '  em is s ion  a r i s e s  from the  same f l u o r e s c e n c e
4 -1l e v e l  as t h e  ' b l u e - g r e e n ' ,  v i z . ^  ^ 9/ 2* s in c e  photons  o f  .energy 21000 cm
are  s u f f i c i e n t  to cause  the  ' y e l l o w '  emiss io n  ( f i g .  6 . 3 ) .
21000 cm
E x c i t a t i o n ’b l u e - g r e e n '
emiss io n
d e t a i l s  o f  r a d i a t i o n l e s s  
p r o c e s s  unknown
9/2
m u l t i p l e t
11/2
m u l t i p l e t
13/2
m u l t i p l e t
2 
3+Fig .  6-3 Schemetic diagram of  e x c i t a t i o n  spectrum o f  CaF^rDy^ .
Hl t /2  ^ round s t a t em u l t i p i e ty
+ 3
C. ‘ F luo re sc e nce  S p e c t r a  o f  CaF :Dy
Emission s p e c t r a  i n  both the  ' y e l l o w '  and ' b l u e - g r e e n '  
r e g i o n s  cou ld  be o b t a i n e d  by i l l u m i n a t i n g  i n t o  any one o f  the  peaks o f  
t h e  e x c i t a t i o n  s p e c t r a .  The g e n e r a l  f e a t u r e s  o f  the  s p e c t r a  o b t a i n e d  
u s in g  t h e s e  photons o f  d i f f e r e n t  e n e r g i e s  a re  e s s e n t i a l l y  the  same o t h e r
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than  some minor  v a r i a t i o n s  i n  the  r e l a t i v e  peak h e i g h t s .  A f t e r  h e a t  
t r e a t i n g  th e  sample,  the  e m iss ion  became much s t r o n g e r  and th e  s p e c t r a  
more complex.  While some o f  the  components p r e s e n t  b e f o r e  h e a t  t r e a t ­
ment subsided^ new components appeared  as a r e s u l t  o f  h e a t  t r e a t m e n t .
T h i s ,  however;  a lone  i s  no t  s u f f i c i e n t  to i d e n t i f y  components a r i s e n ,  
say ,  from cub ic  s i t e s ,  as we s h a l l  show i n  decay t ime measurements .
Emiss ion  i n  the  ' r e d '  (6500$ - 6700$.) c o r r e s p o n d in g  to  the  
4 6
t r a n s i t i o n  between ^ 9/2 anc  ^ ^ l l / 2  ^ aS ^ een r e p o r t e d  by a number o f
w o r k e r s ^ ^  . However, t h i s  was no t  obse rved  i n  the  p r e s e n t  work
presumably due to  the  ve ry  low i n t e n s i t y  o f  the  e m iss ion  a n d /o r  d i f f e r e n t
c o n d i t i o n s  under  which the  samples  have been p r e p a r e d ,  as n o t i c e d  in  the
+ 3 (15)
work o f  S c h l e s i n g e r  and Whippey on CaF^:Gd
+3D. Thermoluminescence o f  CaF^iDy
Before h e a t  t r e a tm e n t  the  thermoluminescence glow curve  
e x h i b i t s  b a s i c a l l y  t h r e e  glow peaks a t  110°,  149° and 180°K. The glow 
was s t r o n g  enough f o r  i s o l a t i n g  i n d i v i d u a l  peaks ( s e e  r e f .  12j Ch. 0 ) .
+3In  c o n t r a s t  to the  c a se  o f  CaF :Ho where the  spect rum d e r i v e d  from 
one glow peak i s  d i f f e r e n t  from t h a t  o f  a n o th e r ,  h e re  t h e  s p e c t r a  from 
th e  t h r e e  glow peaks are  a lmost i d e n t i c a l .  In  t h e  former  c a se  t h i s  has 
been a t t r i b u t e d  to t h e  r e l a t i v e l y  h igh  m o b i l i t y  o f  t h e  charge  compensa to rs .
A f t e r  h e a t  t r e a t m e n t ,  no t  on ly  i s  t h e  shape o f  t h e  glow curve  
changed (two more peaks appear  a t  226° and 270°K.) bu t  a l s o  t h e r e  i s  a 
r e d i s t r i b u t i o n  o f  the  t o t a l  amount o f  l i g h t  e m i t t e d  amongst t h e  peaks .
Here p r a c i t c a l l y  a l l  the  emiss io n  comes from the  l a s t  (new) glow peak.
This  undoubtedly  p o i n t s  to the  d i r e c t i o n  t h a t  the  p r o c e s s  o f  h e a t
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t r e a tm e n t  has  e i t h e r  a l t e r e d  the  p r o p o r t i o n  of  luminescence c e n t r e s  a t  
s i t e s  o f  d i f f e r e n t  symmetries  o r  has  c r e a t e d  new c e n t r e s ,  o r  b o t h .  There 
i s  no d r a s t i c  change in  the  s p e c t r a  as a r e s u l t  o f  the  h e a t  t r e a t m e n t .
Some o f  the  l i n e s  become l e s s  r e s o l v e d  as  some weak l i n e s  i n  between 
s t r o n g  ones grow.
(16 'iUpon comparing f i g .  5 .32  w i th  t h e  work o f  K iss  and S t a e b l e r  ' 
one can see t h a t  a l l  the  peaks i n  t h e  l a t t e r 1s work a re  i n c l u d e d  in  the  
p r e s e n t  spectrum, i n  a d d i t i o n  to some o t h e r  l i n e s .  One i s  l ed  to  the  
c o n c lu s i o n  t h a t ,  a t  l e a s t  f o r  the  c r y s t a l  samples  used  f o r  t h e  p r e s e n t  
i n v e s t i g a t i o n ,  the  X-ray  r e d u c t i o n  p ro ce s s  i n v o lv e d  i n  thermoluminescence 
i s  e f f e c t i v e  f o r  r a r e - e a r t h  i ons  a t  s i t e s  o f  cub ic  as w e l l  as o t h e r  
symmetr ies .
A* 6Thermo luminescence  spectrum i n  the  ' y e l l o w '  ( ^
was n o t  r e p o r t e d  i n  l i t e r a t u r e  i n  c o n n e c t io n  w i th  the  work o f  K iss  and 
S t a e b l e r  o r  i n  t h a t  o f  Merz and P e r s h a n ^ ^ ,  d e s p i t e  the  f a c t  t h a t  the  
e m is s ion  i s  comparable  i n  i n t e n s i t y  w i th  t h a t  i n  t h e  ' b l u e  g r e e n '  r e g i o n .  
Once a g a in ,  as can be seen from f i g .  5 .33 and 5 .3 4 ,  h e a t  t r e a t m e n t  does 
no t  change the  spectrum to any d r a s t i c  e x t e n t .  As b e f o r e ,  t h e  whole 
spect rum appear s  to  be more smeared t o g e t h e r  as some weak l i n e s  c l imbed 
up between s t r o n g  ones .
The f o l low ing  t a b l e  ( 6 .1 )  shows the  p o s i t i o n  o f  the  peaks
+3i n  t h e  TL s p e c t r a  o f  CaF^iDy t o g e t h e r  w i th  those  f o r  the  f l u o r e s c e n c e  
s p e c t r a  b e fo r e  h e a t  t r e a t m e n t .  I t  i s .  ap p a re n t  t h a t  p r a c t i c a l l y  a l l  the  
f lu o re sc e n c e  l i n e s  a re  c o n ta i n e d  in  the  TL s p e c t r a .  There i s  l i t t l e  
doubt  t h a t  these  l i n e s  come from a m ix tu re  o f  s i t e s  o f  d i f f e r e n t  
symmetr ies .  However, i t  was no t  p o s s i b l e  a t  t h i s  s t a g e  to  group the
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Table  6 .1  Emission l i n e s  o f  CaF :Dy b e fo re  h e a t  t r e a t m e n t  (&).
F lu o re s c e n c e  Thermo luminescence F luo re sc e nce  Thermo luminescence
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s p e c t r a l  l i n e s  accord ing  to  the  s i t e  symmetr ies  o f  t h e i r  luminescence  
c e n t r e s .  N e v e r t h e l e s s ,  f i g .  6 .4  i s  an e m p i r i c a l  ene rgy  scheme c o n s t r u c t e d  
to  f i t  the  exp e r im e n ta l  d a t a .  The f i t  i s  w i t h in  10 cm which i s  
b e t t e r  than  the  experimental ,  e r r o r .
I n c i d e n t a l l y ,  one might  q u e s t i o n  the  p o s s i b i l i t y  o f  m u l t i p l e
C
e x c i t a t i o n  by a s i n g l e  photon i n  view o f  the  g r e a t  number o f  l i n e s  
in  our  s p e c t r a .  Such a p o s s i b i l i t y  has been r u l e d  ou t  by comparison 
wi th  e x p e r im e n ta l  d a t a  o f  o t h e r  workers  on the  one hand,  w h i l e  on the  
o t h e r  hand our  low dopant c o n c e n t r a t i o n  i n  the  samples  does n o t  favour  
such energy  sha r in g  among t h e  r a r e - e a r t h  i o n s .
I t  may-appear  t h a t  t h e  s p read  o f  the  ground s t a t e  s u b l e v e l s  
i s  g r e a t e r  than  the  normal c r y s t a l  f i e l d  s p l i t t i n g  found i n  RE i o n s .
This  i s  because  o f  the  s u p e r p o s i t i o n  o f  s p e c t r a  coming from s i t e s  of  
d i f f e r e n t  symmetr ies .  S ince  any a t t em p t  to s e p a r a t e  them a t  t h i s  s t a g e  
i s  no more than  s p e c u l a t i o n ,  they  may as  w e l l  be l e f t  i n t e r m i n g l e d .
Of cou rse  t h e r e  i s  always the  p o s s i b i l i t y  o f  phonon a s s i s t e d  
t r a n s i t i o n s .  Th is  can be c l a r i f i e d ,  a t  l e a s t  i n  f l u o r e s c e n c e ,  by running 
the  experiment  a t  he l ium t e m p e ra t u re .
I t  may a l s o  be no ted  t h a t  ou r  glow curve  b e f o r e  t h e  h e a t  
t r e a tm e n t  i s  a lmost  i d e n t i c a l  w i th  t h a t  o b t a i n e d  by Merz and Pershan .
A f t e r  the  h e a t  t r e a t m e n t ,  the  glow curve  matches v e ry  w e l l  w i t h  t h a t
(19)o b t a i n e d  by Arkhangelskaya , who had, undoub ted ly ,  samples  w i th  
oxygen. This  i s  r e a s s u r i n g  t h a t  our  r e s u l t s  a re  n o t  on ly  s e l f - c o n s i s t e n t  
but  a l so  a re  able  to  c o r r e l a t e  those o f  o t h e r  w orke rs .
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E. Measurement o f  Decay Times
The f a c t  t h a t  phosphorescence  decay can be s t i m u l a t e d  by IR
has been known f o r  a long t ime ( 20) I n  r e f .  16 i t  was men tioned  t h a t
2+ 'r e - o x i d a t i o n  o f  the  RE back to RE a f t e r  X - i r r a d i a t i o n  can be 
t r i g g e r e d  e i t h e r  by h e a t  o r  by IR ( o r  even v i s i b l e )  r a d i a t i o n .  The
2+
r e - c o n v e r s i o n  p ro ce s s  i n v o lv e s  the  a b s o r p t i o n  o f  a photon by th e  RE 
io n ,  which then  g i v e s  up i t s  e x t r a  e l e c t r o n  to t h e  c o n duc t ion  band;  
o r  by the  f r e e i n g  o f  c a p t u r e d  h o le s  by therm al  ene rgy.
With the  p r e s e n t  exp e r im e n ta l  s e t  up,  the  fo l l o w in g  ions  in
CaF^ have been t e s t e d  and found to  e x h i b i t  enhanced phosphorescence
3”b 3d- 3+ 3+ ?"iunde r  l a s e r  l i g h t ,  Dy , Ho , Sm , Gd and E u ‘ . This  work has been
devo ted to  s tudy ing  th e  f i r s t  two i n  g r e a t e r  d e t a i l .
The f o l low ing  ( f i g .  6 .5 )  i s  a s imple model to  account  f o r
t h e  enhancement  o f  phosphorescence  by th e  l a s e r  p u l s e :
RE3+ RE'2+ Conduct ion band of  CaF,2
E xc i te d
s t a t e s
Ground
s t a t e
85000 cm
hole  t r a p s
_X_
Valence band of CaF„
F ig .  6 .5  Model of  l a s e r  enhanced p h o s n h o re s c e n ce .
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Although i t  i s  no t  known e x a c t l y  how th e  energy  l e v e l s  of  
the  r a r e - e a r t h  ions  f i t  i n t o  the  f o rb id d e n  gap o f  the  CaF^ m a t r i x ,  i t  
i s  q u i t e  l i k e l y  t h a t  some o f  the  ene rgy l e v e l s  l i e  i n s i d e  the  conduc t ion
l a s e r  p u l s e ,  r e s u l t i n g  in  a ' sudden shower '  o f  RE a t  v a r i o u s  e x c i t e d  
s t a t e s .  From th es e  e x c i t e d  s t a t e s  the  atoms cascade  down by some as y e t  
u n c l e a r  p roce s s  u n t i l  they h i t  some f luorescence  . l e v e l s .  Downward t r a n s i t i o n s  
from such l e v e l s  g ive  r i s e  to  the  obse rved  s p e c t r a .  S ince  the  supply o f  
atoms to  the  e x c i t e d  s t a t e s  i s  p u l se d ,  the  subsequen t  decay i s  governed 
by any r a d i a t i o n l e s s  p ro ce s s  i n v o lv e d .  The de lay  between the  l a s e r  pu l se  
and the  peak o f  t h e  decay curve  i s  an i n d i c a t i o n  o f  t h e  r a t e  o f  recom bina t io  
The enhanced phosphorescence  was found to be u n p o l a r i z e d  a l though  the  l a s e r  
p u l s e  was p lane  p o l a r i z e d .  The phosphorescence  was no t  a f f e c t e d  by r o t a t i n g  
the  p lane  o f  p o l a r i z a t i o n  o f  the  l a s e r  th rough  90°»
The use o f  h igh  power l a s e r  l ea ve s  open the  p o s s i b i l i t y  of  
two photon p ro ce s s e s  invo lved  i n  the i n t e r a c t i o n  between th e  l a s e r  and
band o f  GaF^. Upon a b s o r p t i o n  o f  a l a s e r  photon a - t r a p p e d  ho le  i s
2~r e l e a s e d  and 'wanders '  though the  c r y s t a l  m a t r i x .  On mee t ing a RE ion
the  e x t r a  e l e c t r o n  i s  r e t u r n e d  by the  ion  and recom bina t ion  t a k e s  p l a c e :
Hole + l a s e r  photon -* r e l e a s e d  ho le
9+ 9+
r e l e a s e d  h o le  + RE RE ( e x c i t e d ) ,
3+ 3-f-
RE ( e x c i t e d )  r e l a x a t i o n  RE (ground s t a t e ) ,
+ c h a r a c t e r i s t i c  r a d i i t i o n .
S ince  the  l a s e r  p u l se  has  a h igh  photon f l u x  d e n s i t y
18(''■' 10 p h o t o n s / p u l s e )  many o f  the  t r a p p e d  h o le s  a re  r e l e a s e d  a t  each
3+
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the  atomic system under  s tu d y .  But t h i s  has  been r u l e d  o u t  by the  
f o l l o w in g  e x p e r im e n ta l  f a c t s :
1 . o b s e rv a b le  s i g n a l s  were o b t a i n e d  
on ly  a f t e r  the  c r y s t a l  has  been 
x - i r r a d i a t e d  and kep t  a t  l i q u i d  
n i t r o g e n  t e m p e ra tu re ;
2 . i t  i s  ve ry  u n l i k e l y  t h a t  a l l  t h e  
r a r e - e a r t h  i ons  t e s t e d  have energy 
d i f f e r e n c e  between the  l e v e l s  o f  
t r a n s i t i o n  s a t i s y  t h e  two photon 
energy  requ i rem en t  a t  the  same 
t im e ;  '
3 .  r e s u l t s  shown i n  f i g .  5 .28 i n d i c a t e s  
t h a t  the  e m is s ion  depends l i n e a r l y  
on the  l a s e r  i n t e n s i t y ;  indeed^ t h i s  
a lone  i s  s u f f i c i e n t  to  g u a ra n t e e  a 
s i n g l e  photon p r o c e s s .
3i~In  t h e  system CaF^Dy  ^ t h e  phosphorescence  decay i s  much
enhanced a t  480C)5l and a t  4 9 6 0 ^  ( f i g .  5 . 1 0 ) ,  The decay t im es  measured
were d i f f e r e n t  a t  t h e s e  two peaks ( t a b l e  5 . 1 ) .  This  shows e x c l u s i v e l y
the  c o - e x i s t e n c e  o f  luminescence c e n t r e s  a t  s i t e s  o f  a t  l e a s t  two d i f f e r e n t
symmetr ies .  The f a c t  t h a t  the  e m iss ion  in  the ' y e l l o w '  has  a decay t ime
common to t h a t  i n  the  ' b l u e  g r e e n '  adds much weight  to t h e  p r o p o s i t i o n
4
o f  i t s  o r i g i n a t i n g  from the  ^ 9/2 •*-e v e ^ #
No emiss io n  w i th  energy h i g h e r  than 2 1 0 0 0  cm  ^ was d e t e c t e d
a l t hough  f luorescence  l e v e l s  are  known to e x i s t  above t h i s  v a l u e .  One i s
4
then i n c l i n e d  to  t h i n k  t h a t  the  F ^ ^  l e v e l  i s  i n  c l o s e  v i c i n i t y  o f  the
bot tom o f  the  c o nduc t ion  band o f  the  C a F ^ .m a t r ix , so t h a t  t h e  ' shower '
2+
o f  e x c i t e d  a t o m s  c o n v e r t e d  f r o m  t h e  RE f o l l o w i n g  t h e  l a s e r  p u l s e  i s
4fed to  l e v e l s  no t  much h i g h e r  than  ^9/ 2 *
The e f f e c t  o f  h e a t  t r e a tm e n t  again  m od i f ie d  on ly  to a 
l i m i t e d  e x t e n t  bo th  t h e  s p e c t r a l  d i s t r i b u t i o n  and the  decay t im e.
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The s i t u a t i o n  i s  q u i t e  d i f f e r e n t  f o r  the  system CaF^.’Ho3+
Enhanced phosphorescence  c o r r e psond ing  to t r a n s i t i o n s  to  t h e  Ig  (ground)
5 5 3 5 5s t a t e  from F. and S„,  K , G.„ and GL. was obse rved .  This  i n f e r s4 2 8 5 5
t h a t  the  conduc t ion  band o f  CaF i s  a t  l e a s t  27000 cm  ^ above the  ground
3-f-
s t a t e  o f  Ho ( f i g -  6 . 6 ) .







v a le n c e  band
85000 cm-1
-su
3 + 3 +
Fig .  6-6 Energy l e v e l s  o f  Dy and Ho in  CaF^.
The e f f e c t  o f  h e a t  t r e a tm e n t  i s  more pronounced he re  than  
3 -1-
w i th  CaF^-Dy - New components appeared  much s t r o n g e r  i n  t h e  s p e c t r a l  
d i s t r i b u t i o n  so t h a t  the  o r i g i n a l  p r o f i l e  was n o t  much p r e s e r v e d .  The 
decay t im es  were s y s t e m a t i c a l l y  reduced  about twenty f o l d s ,  which i s
3 +q u i t e  l a r g e  compared w i th  the  case  o f  CaF :Dy
Table 6 .2  i s  a comparison o f  decay t im es  by v a r i o u s  w orke rs .
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TABLE 6 .2  DECAY TIMES OF Dy3+ AND Hc>3+ 
IN CRYSTALS (IN MICROSECONDS)
Decay F l u o r .
Time Temp. X Remarks




D^ G2H5SV 3 9H2°
10 77°K (b)
Dy(Br03 ) 3 v9H20 (c)
Ho3"^" i n  LaCl3 170,460
255
77°K 5490% I f
2 f  (a)
26 4450A° I f
Dy3 in  GaF2 1900 78°K (c)
(a)  Dielce and H a l l
(b)  Barsch  and Dieke
(c )  Kiss '  and S t a e b l e r
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I t  i s  i n t e r e s t i n g  to no te  t h a t ,  in  t h e  i n s t a n c e  o f  CaF :Ho
a t  l e a s t ,  the  decay t im es  va ry  w i th  t h e  ene rgy gap between th e  f l u o r e s c e n c e
l e v e l  and the  a d j a c e n t  l e v e l  below.  When the  energy l e v e l s  are  c lo s e
t o g e t h e r ,  t r a n s f e r  o f  energy between . l e v e l s  i n  the  form o f  h e a t  becomes
more p ro b ab le ;  t h i s  w i l l  s h o r t e n  t h e  r a d i a t i v e  l i f e t i m e .  Our f i n d i n g s
(22 2 3)are  i n  harmony wi th  th o se  o f  o t h e r  workers  5 “ and a re  g iven  i n  the  
t a b l e  below:
TABLE 6 .3  VARIATION OF DECAY TIMES WITH ENERGY
GAP IN CaF2 :Ho3+ BEFORE HEAT TREATMENT




5 5 5 
V  s 2 '  5 3000 1.1
5 5 
°5 F1 1800 0 .3 4
5 ' 3
5 " 7 . 1500 0 .31
>V
Taken from r e f .  3
F. R e - E x c i t a t i o n  Exper iments
F ig .  5 .36  c l e a r l y  i n d i c a t e s  t h a t  t h e  t r a p p e d  h o l e s  i n  the  
c r y s t a l  m a t r ix  a re  most e a s i l y  r e l e a s e d  by l i g h t  a t  3800^. I t  a lso
s u g g e s t s  t h a t  on ly  one type  o f  c a r r i e r s ,  v i z . ,  h o l e s ,  i s  r e s p o n s i b l e
3+ .
f o r  the  t he rno lum inescence  system CaF^Gd . In  the  i n s t a n c e  o f  CaF^tCe 
v e ry  l i t t l e  c o r r e l a t i o n  can be found between the  e x c i t a t i o n  glow peaks 
and the  wave length o f  e x c i t i n g  l i g h t .
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I t  should  be p o in t out th a t i t  i s  d i f f i c u l t  to  o b ta in  
q u a n tita t iv e  r e s u lt s  w ith  t h is  k ind o f  experim ent, as s t r i c t l y  id e n t ic a l  
experim ental c o n d itio n s  between the runs must be m aintained fo r  in te n s i ty  
com parison.
G. Experim ental L im ita tio n s
In t h is  work an attem pt has been made to  t r ig g e r  the
2+ 3+
r e -co n v ers io n  o f  RE back to  RE by a 30 mW helium -neon la s e r  chopped 
m ech an ica lly . However, the e f f o r t  was f r u i t l e s s .  At p resen t t h is  was 
a ttr ib u te d  to the low power o f  the la s e r  ra th er  than i t s  having photon 
energy d if fe r e n t  from the ruby la s e r  (K iss  and S ta e b le r  reported  th a t  
the re-co n v ersio n  was tr ig g e r a b le  u sin g  v i s i b l e  l i g h t ) .  Perhaps i t  i s  
worthy o f  some more in v e s t ig a t io n  u sin g  counters and s ig n a l averager  
in te g r a t in g  the s ig n a l p u lse s  or  employing phase s e n s i t iv e  d e te c t io n .
In any e v e n t , the ruby la s e r  was employed in  the presen t 
stu d y . The experim ental s e t  up lea v e s  much room fo r  improvement. Two 
main d i f f i c u l t i e s  encountered are:
1 . low f ir in g  ra te  o f  la s e r — t h is  
makes alignm ent extrem ely time 
consuming and d i f f i c u l t ,
2 . in s t a b i l i t y  o f  output power o f  
la s e r .
These cause a large  f lu c tu a t io n  in  the r e s u lt  and hence a low accuracy.
Shot by shot tra c in g  from the screen  o f  the o s c i l lo s c o p e  i s  d e f in i t e ly
(24)in f e r io r  a technique t o ,  sa y , sam pling' , in  which case  the p h o to m u ltip lier  
i s  pu lsed  and the photocurrent in te g r a te d  by a recorder w ith  long time 
c o n sta n t.
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Even f o r  a well ,  r ec o rde d  o s c i l l o g r a m ,  any d i r e c t  m easure ­
ment made from i t  g i v e s  a p r e c i s i o n  o f  h a r d l y  more t h a n  two s i g n i f i c a n t  
f i g u r e s .  This  hampers a g r e a t  dea l  the  num er ica l  a n a l y s i s  o f  t h e  decay
c u r v e s .  For  a decay curve  such as t h a t  shown i n  f i g .  5 .2 4 ,  much e f f o r t
(25 26)has been made to  r e p r e s e n t  i t  by a d i f f e r e n c e  o f  two e x p o n e n t i a l s  1
s in c e  the  ' b u i l d - u p '  p a r t  o f  the  curve  was c o n s i d e r a b l e .  However, w i th
(27 28)the  computer  programs on hand ; 1 i t  was no t  p o s s i b l e  to  o b t a i n  any
meaningful  r e s u l t  because t h e  d a t a  themselves  were no t  a c c u r a t e  enough.
The n u m er i ca l  a n a l y s i s  was n o t  pe rsued  f u r t h e r  because  even though a
(29)s o l u t i o n  c ou ld  be o b t a i n e d ,  i t  i s  no t  n e c e s s a r i l y  a un ique  one . 
Fu r the rm ore ,  the  r e s u l t  does n o t  add any more to t h e  u n d e r s t a n d in g  o f  
t h e  cascade  p r o c e s s .  I n  p r i n c i p l e ,  i t  was p o s s i b l e  to  measure t h e  
' b u i l d - u p '  p a r t  o f  the  decay curve  more a c c u r a t e l y  on an expanded time 
s c a l e .  But i n  p r a c t i c e ,  a more expanded t ime s c a l e  r e q u i r e d  the use  of  
a low v a lue  load  r e s i s t o r  a c ro s s  the  p h o t o m u l t i p l i e r  o u t p u t .  S ince  the  
s i g n a l  was n o t  s t r o n g  enough, t h e  n o i s e  became i n t o l e r a b l e  when the  load  
r e s i s t o r  was l e s s  than  1000 ohms.
H. P o s s i b l e  Improvement and E x te n s io n  o f  the  P r o j e c t .
1. Decay t ime measurement.
As mentioned i n  the  l a s t  s e c t i o n ,  i t  i s  more d e s i r a b l e  
to  use  a l a s e r  w i th  h i g h e r  r e p e t i t i o n  r a t e  ( s a y ,  100 Hz) so as t o  improve 
the  s i g n a l  to  n o i s e  r a t i o  by sampling o r  i n t e g r a t i n g .  I t  i s  a l s o  i n t e r ­
e s t i n g  to  see i f  l a s e r s  o f  d i f f e r e n t  photon e n e r g i e s  e x h i b i t  t h i s  phen­
omenon o f  enhanced phosphore scence ,  and i f  so,  how th e  e f f i c i e n c y  v a r i e s  
w i th  the  photon ene rgy .  Th is  may shed some l i g h t  on the  n a t u r e  o f  the  
e l e c t r o n - h o l e  r ecom bin a t io n  p r o c e s s  inv o lv e d .
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Once a b e t t e r  accuracy  i n  the  d a t a  i s  ach ieved  th e  s p e c t r a l  
l i n e s  be lo ng ing  to  the  same t r a n s i t i o n  can be grouped  t o g e t h e r  acco rd in g  
to  t h e i r  common decay t im e s .  Th is  w i l l  h e lp  so r t ing  ou t  the  symmetr ies  
o f  the  s i t e s  g iv in g  r i s e  to t h e  e m is s ion .  One can t e s t  t h e  model proposed 
i n  s e c t i o n  D by p o p u l a t in g  th e  f l u o r e s c e n c e  l e v e l s  d i r e c t l y  u s in g  
s e l e c t i v e  e x c i t a t i o n  and comparing the  decay t im e s .  Th is  w i l l  g i v e  an 
e s t i m a t e ,  a t  l e a s t ,  o f  the  r a t e  o f  r e - c o n v e r s i o n .  Also,  one can o b t a i n  
some i n f o r m a t io n  about  the  n a t u r e  o f  the  cascade  p r o c e s s ,  whe the r  i t  i s  
l e v e l - b y - l e v e l ,  o r  b y - p a s s in g  some o f  the  l e v e l s ,  on rea c h in g  t h e  f l u o r -
, , ( 30 )escence  l e v e l  .
2. E x c i t a t i o n  and Emission  S p e c t r a .
P r e l i m i n a r y  d a ta  have i n d i c a t e d  t h a t  i t  i s  v e ry  d e s i r a b l e  
to  work below l i q u i d  n i t r o g e n  t em p e ra tu re  as the  l i n e s  become much s h a r p e r ,
3+
thus  l ea d in g  to b e t t e r  r e s o l u t i o n .  S ince  ' the  e m is s ion  from CaF :Dy
isj r a t h e r  weak, a more s e n s i t i v e  d e t e c t o r ,  say,  a c h a n n e l t r o n ,  i s
r e q u i r e d  to  b r in g  ou t  the  f i n e r  d e t a i l s  i n  the  e x c i t a t i o n  s p e c t r a .
The McPherson monochromator i n  t h i s  l a b o r a t o r y  has  shown i t s  c a p a b i l i t y
o f  g i v in g  b e t t e r  r e s o l u t i o n  and accuracy  in  a s i m i l a r  s e t  up as compared
wi th  t h e  use  o f  the  L e i s s  double  monochromator.  The former  has  the
advantage o f  being  ab le  to  e x tend  i n t o  t h e  f a r  u l t r a v i o l e t  r e g i o n .  The
3+e x c i t a t i o n  s p e c t r a  a re  e s p e c i a l l y  v a l u a b l e  i n  the  c a se  o f  CaF^:Dy 
s in c e  i t  i s  very  d i f f i c u l t ,  i f  no t  i m p o s s ib l e ,  to  g e t  a decen t  a b s o r p t io n  
spect rum, p a r t i c u l a r l y  i n  the  v i s i b l e  r e g i o n .
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3.  E x c i t e d  S t a t e  Sp e c t ro s c o p y .
3+Since  the  RE ions  remain in  the  e x c i t e d  s t a t e s  f o r  a 
s u f f i c i e n t l y  long t ime ( 10 sec .) ; ,  i t  i s  q u i t e  f e a s i b l e  to pe rfo rm
expe r im e n t s  on t h i s  system o f  e x c i t e d  atoms b e f o r e  they  decay.  The 
p r e s e n t  e x p e r im e n ta l  s e t  up can e a s i l y  be m od i f ied  by adding a l i g h t  
so u rce  and an a n a ly s in g  monochromator as shown in  f i g .  6 . 5 .  One o f  the  
monochromators ,  say ,  number I ,  can be used  i n  the  u s u a l  way, w h i l e  the  
o t h e r  can be used  e i t h e r  to m on i to r  induced  a b s o r p t i o n  ( t r a n s m i s s i o n )  
in  c o n j u n c t i o n  w i th  a con t inuous  pump l i g h t  s o u rc e ,  o r  e m is s ion  and 
decay when the  l i g h t  source  i s  a f l a s h  lamp. The a d d i t i o n  o f  t h i s  l i g h t  
sou rce  b r i n g s  the  whole experiment  to  a new dimension ,  because  o f  i t s  
v e r s a t i l i t y  and e x t e n s i o n  o f  energy  range  t h a t  can be s t u d i e d .  I t  i s  
q u i t e  c o n c e iv a b le  t h a t  t h e  p o p u l a t i o n  i n  the  e x c i t e d  s t a t e s  i s  c o n s i d e r ­
a b le  and i t  i s  no t  s u r p r i s i n g  t h a t  harmonic g e n e r a t i o n  might  a l s o  be
o b t a i n e d  on u t i l i z i n g  the  a n o m a l o u s  d i s p e r s i o n  e f f e c t  f o r  phase matching
(31)s i m i l a r  to  what has  been done i n  l i q u i d s
4. I d e n t i f i c a t i o n  o f  S i t e  Symmetr ies.
The i d e n t i f i c a t i o n  o f  s p e c t r a l  l i n e s  o r i g i n a t i n g  from 
s i t e s  o f  d i f f e r e n t  dymmetr ies i s  a fo rm ida b le  t a s k .  L i f e t i m e  measurements 
can be employed to  i s o l a t e  the  l i n e s  i n t o  d i f f e r e n t  c a t a g o r i e s .  The 
n a t u r e  o f  each  c a t a g o r y  s t i l l  remains to  he de te rm ined .  But i f  one has
p r e v i o u s  knowledge about  one o f  the  l i n e s  then  the  whole group i s
T  (32)i d e n t i f i e d ,  as,shown r e c e n t l y ,  by C h i l v e r  and Fong Other  s imple
p r odedu re s  t h a t  can be fo l lowed  w i th o u t  s e r i o u s  t e c h n i c a l  d i f f i c u l t y  i n
(33)t h i s  l a b o r a t o r y  a re  v a r i a t i o n  in  dopant  c o n c e n t r a t i o n  and embedding
(34)th e  r a r e - e a r t h  i n  d i f f e r e n t  h o s t  l a t t i c e s  . Using c r y s t a l s  w i th  a
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smal l  amount of  monovalent  c a t i o n s  ( e . g . ,  K , Na ) w i l l  enhance the
i n t e n s i t y  o f  any l i n e s  from cub ic  s i t e s  as t h e s e  c a t i o n s  w i l l  remove
3‘f
some o f  the  l o c a l  charge  compensators  to  t h e  EE . Zeeman s tudy  I s
a n o th e r  p o s s i b i l i t y  p rov ided  t h a t  g o o d . s i n g l e  c r y s t a l s  are  a v a i l a b l e .
The s p l i t t i n g  of  s p e c t r a l  l i n e s  from s i t e s  o f  lower symmetry than  cub ic
(35)w i l l  be a n i s o t r o p i c .  G i l ' fanov e t  a l .  p roposed t h a t  cub ic  c e n t r e s  
were e x c i t e d  by cathodo luminescence .  But s in c e  t h e  p r i n c i p l e  i s  the  
same as i n  thermoluminescence and s ince  the  p r e s e n t  e x p e r im e n ta l  r e s u l t s  
p o i n t  to  t h e  f a c t  t h a t  cub ic  c e n t r e s  are  no t  the  on ly  ones t a k i n g  p a r t  
i n  the  p r o c e s s ,  one t en d s  t o  put  some r e s e r v a t i o n  on ca thodoluminescence  
as a means t o  i s o l a t i n g  cub ic  l i n e s .
In  p a s s i n g ,  i t  i s  i n t e r e s t i n g  to n o t e  t h a t  a p p a r e n t l y  thermo­
luminescence in  a magnet ic  f i e l d  has  not  been a t t em pted  b e f o r e .  This 
appears  to  be a ve ry  p romis ing  t ec h n iq u e  f o r  Zeeman s tudy  s in c e  no 
l i g h t  source  i s  i n v o lv e d ,  and hence no s e r i o u s  problem of  a l ignment  
and s t r a y  l i g h t .
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CHAPTER V I I ,  CONCLUSION
In  s p i t e  of  the  v a r i o u s  l i m i t a t i o n s  i n  our  e x p e r im e n ta l
c o n d i t i o n s ,  the  p r e s e n t  s tudy  was a b le  t o  y i e l d  m ean ingfu l  r e s u l t s ,
Si-F i r s t ,  a thermoluminescence spectrum o f  CaF^iDy in. the  ' y e l l o w '  
was p r e s e n t e d .  Together  w i t h  e x c i t a t i o n  and f l u o r e s c e n c e  s p e c t r a  
i t  was confirmed  t h a t  t h i s  em is s ion  i n  the  ' y e l l o w '  was due t o  the  
t r a n s i t i o n  ^ F ^ j ^  t o  Then the  e f f e c t  o f  h e a t  t r e a t i n g  the
c r y s t a l  samples  on f l u o r e s c e n c e ,  thermoluminescence  and th e  decay
3+t ime of  the  e x c i t e d  s t a t e s  was p r e s e n t e d .  I n  the  c a se  of  CaF^:Dy 
t h e  h e a t  t r e a tm e n t  has i n t r o d u c e d  e x t r a  peaks i n t o  t h e  e x c i t a t i o n  
and f l u o r e s c e n c e  s p e c t r a  as  w e l l  as  t h e  glow c u rv e .  These changes 
were a t t r i b u t e d  t o  the  fo rm a t ion  o f  new s i t e s  fo r  luminescence  c e n t r e s  
w i t h  t e t r a g o n a l  and t r i g o n a l  symmetry i n  the  c r y s t a l  which s t a r t e d ,  
w i t h ,  most  p r o bab ly ,  a m ix tu re  of  c e n t r e s ,  w i t h  d i f f e r e n t  symmetr ies  
a l r e a d y .  The t o t a l  l i g h t  o u tp u t  from therm'oluminescence was more 
o r  l e s s  even ly  d iv id e d  among the  t h r e e  glow peaks b e fo r e  the  h e a t i n g ,
bu t  a f t e r  the  h e a t i n g ,  p r a c t i c a l l y  a l l  t h e  l i g h t  comes from the  (new)
3+l a s t  peak .  This  was no t  the  case  w i t h  CaF^:Ho whose thermoluminescence  
glow peaks cou ld  be i s o l a t e d  and th e  spect rum a s s o c i a t e d  w i t h  eack  
peak  i s  d i f f e r e n t .
The ruby l a s e r  was employed to  enhance th e  phosphorescence  
decay o f  two r a r e - e a r t h  doped CaF sys tem s .  Th is  has  been shown to 
be a s i n g l e  pho ton p r o c e s s ,  Spectra, !  d i s t r i b u t i o n s  of  the  phosphor ­
e scence  were o b t a in e d  u s ing  p o i n t  by p o i n t  p l o t t i n g  of  the  a m p l i t u d e s .  
These compared f avourab ly  w i th  t h e  luminescence  and thermoluminescence
•108-
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s p e c t r a .  Decay t imes  of  some of  the  e x c i t e d  s t a t e s  were o b t a i n e d .  For 
3+CaF,,:Dy two decay c o n s t a n t s  f o r  the  same t r a n s i t i o n  were found,  
i n d i c a t i n g  the  p resence  o f  c e n t r e s  a t  s i t e s  of  two d i f f e r e n t  sum m etr ie s , 
No e m is s ion  from o t h e r  l e v e l s  was obse rved .  Heat  t r e a tm e n t  sho r te ne d  the  
decay t imes  by a f a c t o r  o f  two. On the  o t h e r  hand ,  enhanced phosphor-
e scence  from four  d i f f e r e n t  upper  l e v e l s  was obse rved  from the  system
3+CaF^ :Ho , Heat  t r e a tm e n t  sh o r t e n e d  the  decay t im es  by a f a c t o r  of
tw en ty .  Th is  i n f e r s  t h a t  t h e  changes i n t r o d u c e d  i n t o  the  c r y s t a l  as
a r e s u l t  of  the  h e a t i n g  i s  f e l t  s t r o n g l y  by the  r a r e - e a r t h .  A s imple
model  was rpoposed t o  accoun t  f o r  the  enhanced phosphore scence  from
which one cou ld  compare the  r e l a t i v e  p o s i t i o n s  o f  t h e  ene rgy l e v e l s  
3H"* Q-(~o f  Dy and Ho i n  CaF^, Sugges t ions  were made t o  improve the  
expe r im en t s  and f o r  f u r t h e r  i n v e s t i g a t i o n .
Quite  a l o t  o f  work has  been done on the  f i r s t  few members
3+o f  t h e  l a n t h a n i d e  s e r i e s ,  Dy i n  CaF i s  one of  t h e  systems l e s s#£* <
s t u d i e d  because of  i t s  g r e a t  com p le x i ty ,  pe rh a p s .  None the le s s  i t  i s  
c h a l l e n g i n g  because of  the  many f r o n t s  open f o r  a t t a c k i n g  th e  problem.
The a u th o r  f e e l s  t h a t  what he has  accomplished was f i n d i n g  one two p i e c e s  
o f  j i g - s a w  p u z z le s  ou t  of  the  thousands  t h a t  f i t  i n t o  a small  c o r n e r  
o f  a huge p i c t u r e  p a i n t e d  by the  C r e a t o r ,  I t  seems d i f f i c u l t  t o  
comple te  t h e  whole p i c t u r e .  But as  b i t s  and p i e c e s  a r e  be ing k n i t  
t o g e t h e r ,  even th e  incomple te  p i c t u r e  beg in s  t o  make s e n s e .
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APPENDIX: SOLUTION OF RATE EQUATIONS ( 3 .4 )
For  t  < t  , ( 3 . 4 )  can be w r i t t e n  as
dN
d t  “  P32 N3 " P21 N2
m 3 = - ( p 0 + 2w)N -  coN +  ccN 
~~7Z 3 3 2 od t
where p3 = p31 + p32 ^
Let  be the  Laplace  t r a n s fo r m  o f  Ni ,  i  = 2 , 3 ,  i . e
n i ( S) = 6 ~t  Ni d t *o
Taking th e  Laplace t r a n s f o r m  o f  (Al) 
s n 2 = p32 n 3 -  p 21 n 2
sn3 = - (p 3 + 2t))n 3 ~ u>n2 +10^
s in c e  N2(0)  — ^ ( 0 )  — 0 and i s  c o n s t a n t  by assumpt ion .  
The s o l u t i o n s  o f  the  a l g e b r a i c  e q u a t i o n s  (A2) are
n ___________^32______________
2 s ( p 3+ 2w+-s)(p2]+s)  + wp32
“® o  h k  +
3 s ( p 3+20J+s)(p21+s)  + cop32
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Let s ^>2  be th e  r o o ts  o f  the  e q u a t io n
( p 3 + 2<u +  s ) ( p 21 + s) + 0)p32 = 0
(A3) can be w r i t t e n  i n  p a r t i a l  f r a c t i o n s
c  c  c
n — 0) N p ( —  + — t 2 -  )
2 o r 32 s s “ s ]_ s _S2
d d d
n = CO N ( ------1 !— I --------  )3 o s  s~s^ s - s 2 '
q   , , lfi „. im
w i th  o ? xS2
i
C
1 s i ^ r &2 )
c 2 = _  I____
S 2 ( S 2 " S l )




d V  P?.l
2 s 2( s 2- 3h
Now and —~  c o n s t i t u t e  a p a i r  o f  Laplace t r a n s f o r m s ,  s - a  r  r  }
t h e  re  f  o re
S t  S t
s 2 ”  “V 3 2  (Co +  Cl e 1 +  V  2 5
S1 b S t
N ~ cl)N (d  + d . e  + d o  2 ) .3 o o 1 2
The s o l u t i o n  o f  r a t e  e q u a t i o n s  ( 3 .7 )  fo l low s  the  same p ro c e d u re .
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